nh 


LS . 
ee eas a ot 


~ 


Digitized by the Internet Archive 
in 2025 


https://archive.org/details/owb_KU-452-961 


HYDRAULICS 
AND THE MECHANICS OF FLUIDS 


Also by 
EH EN EE 


THERMODYNAMICS APPLIED TO HEAT ENGINES 


A detailed and constructive treatise on the application of the 
principles of thermodynamics to the engineering problems that 
occur in the design of boilers, steam engines, internal combustion 
engines, and refrigerators. It is fully illustrated and covers the 
B.Sc. syllabus in this subject. 30s. net. 


DEFINITIONS AND FORMULAE FOR STUDENTS— 
APPLIED MECHANICS 


This booklet provides the engineering student with all 
necessary definitions and formulae in a convenient form. Is. 6d. 


PITMAN’S HEAT-ENTROPY CHART 


Provides a quick method of obtaining values of the ideal 
efficiencies of standard engine cycles, and a rapid check for cal- 
culations on many thermodynamic processes. For engineering 
students and designers of internal combustion engines. 
2s. net. 


PITMAN 


my DRAULICS 


AND THE MECHANICS OF FLUIDS 


A TEXTBOOK COVERING THE SYLLABUSES 
OF THE B.Sc. (ENG.), INST.C.E., AND I.MECH.E. 
EXAMINATIONS IN THIS SUBJECT 


BY 


ete otovy LT BiSc., PhD. 


M.INST.AERO.E., A.M.I.MECH.E, 


Lecturer in the Department of Mechanical Engineering of the 
Imperial College of Science and Technology, South Kensington 


NINTH EDITION 


LONDON 
SIR ISAAC PITMAN & SONS, LTD. 


First edition 1923 
Second edition 1925 
Third edition 1927 
Reprinted 1930 
Fourth edition 1932 
Reprinted 1933 
Reprinted 1935 
Fifth edition 1937 
Reprinted 1938 
Siath edition 1939 


Reprinted 1940 
Reprinted 1941 
Reprinted 1942 
Reprinted 1943 
Seventh edition 1945 
Reprinted 1946 
Reprinted 1947 
Eighth edition 1949 
Ninth edition 1952 


SIR ISAAC PITMAN & SONS, Ltp. 
PITMAN HOUSE, PARKER STREET, KINGSWAY, LONDON, W.C.2 
THE PITMAN PRESS, BATH 
PITMAN HOUSE, LITTLE COLLINS STREET, MELBOURNE 
27 BECKETTS BUILDINGS, PRESIDENT STREET, JOHANNESBURG 


ASSOCIATED COMPANIES 
PITMAN PUBLISHING CORPORATION 
2 WEST 45TH STREET, NEW YORK 


SIR ISAAC PITMAN & SONS (CANADA), Lro.: 
(INCORPORATING THE COMMERCIAL TEXT BOOK COMPANY) 
PITMAN HOUSE, 381-383 CHURCH STREET, TORONTO 


MADE IN GREAT BRITAIN AT THE PITMAN PRESS, BATH 


E2—(T.5167) 


a 


PREFACE TO NINTH EDITION 


Tue work has been brought up to date by the addition of a new 
chapter on Flow of Gases through Pipes. As the solution of 
this problem can only be obtained by trial or plotting, the 
author has produced_a chart from which the results for the 
adiabatic flow of air can be read off direct; the chart is inserted 
as a folding inset. 

Several minor corrections have been made, and the author 
wishes to thank the readers who kindly informed him of these 
misprints and errors. 

E. H. LEWITT 


SOUTH KENSINGTON 


PREFACE TO EIGHTH EDITION 


In this edition a new chapter has been added on Flow of Gases ; 
it includes the use of the Heat-Entropy chart for the solution 
of problems on air flow, orifices and nozzles. A Heat-Entropy 
chart for air, for this purpose, has been plotted and inserted as 
a folding inset. l 

New work has been added on supersonic flow and on the 
frictional resistance of rough surfaces. The work on the design 
of aerofoil blading has been rewritten and applied to water tur- 
bines of the propeller type and to the axial flow air compressor. 

With the exception of one or two minor corrections, the 
remainder of the book is unaltered. 

I wish to thank Messrs. Gilbert Gilkes & Gordon, Ltd., for 
kindly supplying illustrations and particulars of some of their 
latest water turbines for insertion in the book. 

E. H. LEWITT 


Sour KENSINGTON 
1949 


PREFACE TO SEVENTH EDITION 


Tue work has been enlarged by the addition of material on 
recent developments of the subject; these include sections 
on wave formation, boundary layer control, effect of super- 
sonic velocity and measurement of air flow. Some of the 
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earlier portions of the book have been rewritten and a selection 
of recent examination questions has been added. It is hoped 
that these additions have brought the book up to date. 

E. H. LEWITT 


SOUTH KENSINGTON 
1944 


PREFACE TO FIRST EDITION 


Tus book is intended for students working for an engineering 
degree. Although particularly written for the internal and 
external degrees of the University of London, it will be found 
to cover the course of other universities and to be suitable 
for the final examinations of the professional engineering 
institutions. 

The book deals from first principles with the theory of 
hydraulics and its applications; no attempt has been made 
to deal with design problems, which are beyond the scope of 
the engineering degree. The mathematics have been kept as 
elementary as possible and many of the standard proofs have ` 
been simplified. Numerous worked-out examples from past 
B.Sc. examinations of the University of London are included, 
and the majority of the exercises given at the end of each 
chapter are taken from this source. The illustrations, with 
the exception of those from actual photographs, are intended 
as diagrammatic only. 

This book forms the first of a series intended to cover the 
various subjects included in the engineering degree exam- 
inations. It will also, it is hoped, be found eminently suitable 
for students taking the advanced courses for the National 
Certificates which are now being issued jointly by the Board 
of Education and the Engineering Institutions. 

The author wishes to thank the Hydro-Electric Department 
of Sir W. G. Armstrong, Whitworth & Co., and Messrs. 
Boving & Co., for supplying photographs of turbines, etc., and 
Mr. C. E. Rusbridge, B.Sc., for kindly checking the proofs and 
examples. E. H. LEWITT 


Sourn KENSINGTON 
1923 
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CHAPTER I 
STATIC PRESSURE OF A FLUID 
1. Introduction. The subject of Hydraulics deals with the 


laws governing the pressure and flow of fluids and the applica- 
tion of these laws to engineering practice. The term “ fluid ” 
includes liquids and gases; but as these two physical states 
have widely divergent properties it is inconvenient to deal 
with both under the same heading. For this reason the science 
of Hydraulics is mainly confined to the study of liquids, 
and as water is the liquid usually dealt with in practice, the 
subject of hydraulics is chiefly the study of water and its 
applications. 

The subject was formerly divided into two parts: one 
dealing with fluids at rest, called Hydrostatics, the other 
dealing with fluids in motion, known as Hydrodynamics ; but 
the great development of hydraulic machinery in recent, years 
has rendered these sub-divisions obsolete. Hydraulics now 
consists of the study of water pressure, buoyancy, the flow of 
water, and hydraulic machinery such as pumps, turbines, and 
accumulators. 

Mechanics of fluids includes the whole of hydraulics, together 
with the application of its laws to the flow and resistance of 
gases. 

2. Properties of Fluids. The term fluid is applied to all 
substances which offer no resistance to change of shape. 
Fluids may be divided into two classes: liquids and gases. 
The former offer great resistance to compression and are not 
greatly affected by change of temperature ; the latter are easily 
compressed and are more susceptible to temperature changes. 
Liquids have a bulk elastic modulus when under compression, 
and will store up energy in the same manner as a solid. The 
value of the bulk elastic modulus of water under compression 
is 300,000 lb. per sq. in. As the contraction of volume of a 
liquid under compression is extremely small, it is usually 
ignored and the liquid is assumed to be incompressible. 

A liquid will withstand a slight amount of tension owing to 
the molecular attraction between the particles, which will 
cause an apparent shear resistance between two adjacent 
layers ; this phenomenon is known as viscosity. 


l 


2 HYDRAULICS 


The coefficients of expansion of liquids are small and, as the 
science of hydraulics deals with liquids under atmospheric 
temperature only, the effect of temperature changes may be 
ignored ; consequently, the density of a liquid may be assumed 
to be constant. 

The weight of water is 62-4 lb. per cu. ft. 

The ratio between the density of any liquid and the density 
of water is known as the specific gravity of that liquid. 

No liquid can exist as a liquid at zero pressure; in fact 
all known liquids vaporize at various pressures above zero, 
depending on the temperature. 

Water vaporizes at a pressure of -34 lb. per sq. in. at 20°C. ; 
below this pressure it cannot exist as a liquid. There are also 
dissolved gases in water which are given off at low pressures 
and cause great inconvenience in hydraulic problems. For 
this reason care must be taken to prevent the pressure of water 
getting below 8 ft. of water absolute, at which pressure the 
dissolved gases are given off and vaporization is also liable 
to commence. 

3. Pressure of a Fluid. The intensity of pressure of a fluid 
is the pressure per unit area. If the pressure is measured in 
pounds and the area in inches, the intensity of pressure will 
be in pounds per square inch. . 

Let a fluid be under a uniform pressure and let its total 
pressure on an area of asq.in. be Plb. Let p be the intensity 


of pressure. Then, p = Ib. per sq. in. 


At any point in a fluid the intensity of pressure acts equally 
in all directions. If a fluid is contained in a vessel and is 
under a uniform intensity of pressure throughout, a slight 
increase in the intensity of pressure at one part will be 
immediately transmitted to all parts of the vessel. 

The pressure of a fluid on a surface 


9! > will always act normal to the surface. 

A ; \ Suppose a curved surface be under 
SE a uniform pressure p (Fig. 1); the 
PAR direction of p at any point will be at 

Fra. 1 right angles to the surface at that 


point. Consider a small element of 
the surface of area a, inclined to the horizontal at an angle 0. 
Then, as p acts normal to a, its inclination to the vertical 


will be 9. 
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Total pressure on area a = pa. 

Vertical component of total pressure on a = pa cos 0. 

But, a cos 0 = horizontal projection of area a. 

Therefore, vertical component of pressure on a = PX 
horizontal projection of area a. 

From this it will be seen that if any shaped surface is under 
uniform pressure, the.total pressure acting on it in any given 
direction is the intensity of pressure multiplied by the projected 
area normal to the given direction. 


EXAMPLE. 

A hemispherical dome (Fig. 2) of 
2 ft. radius contains a fluid under 
a pressure of 120 lb. per sq. ft. 
Find the total force tending to 
lift the dome. 
p X horizontal projected area 
p X m (radius)? 
120 X m 22 
1509 1b. 


4. The Hydraulic Press. The hydraulic press is a machine 
by which large weights may be lifted by the application of a 
much smaller force. A diagrammatic view of a hydraulic 
press is shown in Fig. 3. The weight W is lifted by the large 
ram R, which is raised by the pressure of the fluid. This 

pressure is produced by the 


Total vertical force 


ol i ll 


W- force F acting on the plunger P. 
Let A = area of ram 
P a = area of plunger 
jie p = intensity of pres- 


sure of fluid. 


As the intensity of pressure 
is the same throughout the 


is chamber, 
W= pA 
Fic. 3 and F = pa 
Equating the values of p from these two equations, 
W F 
An a 
FA 


Therefore, W = =e 
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Thus, the mechanical advantage obtained by means of this 
press is equal to the ratio of the areas of the ram and plunger. 
This is the principle of the hydraulic lifting jack. 


EXAMPLE. 


A hydraulic press has a ram of 5 in. diameter and a plunger of } in. diameter. 
What force would be required on the plunger to raise a weight of 1 ton on the 
ram? If the plunger had a stroke of 10 in., how many strokes would be 
necessary to lift the weight 3ft.? If the time taken to lift the weight is 
12 minutes, what horse-power would be required to drive the plunger? 
Neglect all losses, and assume the motion of the weight is continuous. 


Force on plunger = Mid 


A 
ION 
= 2240 x (| — 22-4 |b. 


Fia. 4 


As the work done by plunger equals work done by ram, 


10 
22:4 X -= X m = 2240 X 3 


12 
where n = No. of strokes of plunger. 
2240 xX 3 12 
Theref Se ee Bee 
erefore, n sod o 
= 360. 
22-4 X 13 X 360 
Horse- = 
power required 12 X 33,000 
= ‘017 


5. Pressure Head of a Liquid. A liquid is subjected to 
pressure due to its own weight ; this pressure increases as the 
depth of the liquid increases. Consider a vessel containing 
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a liquid of a depth H ft. (Fig. 4). Let w be the weight in lb. of 
l cu. ft. of the liquid. Then the pressure at any point in the 
liquid will depend on the weight of liquid above that point. 

Consider an area of 1 sq.ft. on the bottom of the vessel. 
The pressure on this square foot is equal to the weight of the 
column of liquid above it, which it is supporting. This column 
is in the shape of a square prism of a height H, standing on 
its end. 


Then, total pressure on base of prism = weight of prism 
= wH 
As the base has an area of 1 sq. ft., this is the intensity of 
pressure p. 


Therefore, p = wH lb. per sq.ft. . , ET) 


If w were the weight of 1 cu. in. and H the height in inches, 
p would then be the intensity of pressure in lb. per sq. in. 

As p = wH, the intensity of pressure in a liquid due to its 
depth will vary directly with the depth. 

As the pressure at any point in a liquid depends on the height 
of the free surface above that point, it is sometimes convenient 
to express a liquid pressure by the height of the free surface 
which would cause that pressure. 


Or, == ` (From equation 1.) 


The height of the free surface above any point is known as 
the static head at that point. In this case the static head is 
denoted by H. 

Hence, the intensity of pressure of a liquid may be expressed 
as a pressure in pounds per square inch, or as an equivalent 
static head in feet of water ; and one form may be converted 
to the other by means of the equation 


p = wH 


In using this equation care should be taken that the units 
of one side are the same as those of the other. 

When dealing with fresh water w may be taken as 62-4 lb. 
per cu. ft. i 

Referring to Fig. 4, the intensity of pressure at any point 
due to the weight of liquid above that point is in a vertical 
direction ; but, as the pressure of a liquid acts equally in all 
directions, this pressure will cause an equal horizontal pressure 
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on the side of the vessel. The intensity of pressure on the 
sides of the vessel will, therefore, be equal to wH at the bottom 
and decrease uniformly to zero at the free surface, as shown by 
_ the pressure diagram to the right of the figure. 


Then, total pressure of liquid 


on side nheneeel } = average pressure X area of side 


wH : 
ape x area of side. 


EXAMPLE 1. 


Find the pressure in tons per sq. in. at the bottom of the sea at a point 
where the depth is 7 miles. The weight of 1l cu. ft. of sea water is 64 lb. 


p = wH 
= 64 X 7 X 5280 lb. per sq. ft. 
64 X 7 X 5280 
~~ 144 X 2240 
= 7-34 tons per sq. in. 


tons per sq. in. 


EXAMPLE 2. 


A rectangular tank 14 ft. long and 5 ft. wide contains water to a depth of 
6 ft. Find the intensity of pressure on the base of the tank and the tota 
pressure on the end. ; 


Pressure on base = 10. 
62-4 x 6 lb. per sq. ft. 
62:4 x 6 : 
= s tb: per sq. in. 
= 2:6 lb. per sq. in. 
Maximum pressure onend = wH 


H 
Average pressure on end = 2 
Total pressure on end = average pressure X area 
62:4 x 6 
= esc A X 0X6 
2 
= 56201b. 


6. Pressure of Atmosphere. The pressure of the atmosphere 
at the earth’s surface is due to the weight of the column of air 
above. This cannot be calculated in the same way as a liquid 
because the air is compressible and, consequently, the density 
will vary. The pressure of the atmosphere is measured by the 
height of the column of liquid it will support. This will vary 


STATIC PRESSURE OF A FLUID 7 


slightly according to the amount of moisture in the atmosphere ; 
the average value may be taken as 14-7 lb. per sq. in., which is 
equivalent to a static head of 34 ft. of water. 

The pressure of water is measured by some type of gauge. 
A gauge registers the pressure above atmosphere, and the 
pressure thus measured is termed gauge pressure. To convert 
gauge pressure to absolute pressure the reading of the barometer 
must be added. 

If the pressure of the water is below atmospheric pressure 
it is measured by means of a vacuum gauge. A vacuum gauge 
gives the amount the pressure is below atmosphere; this 
must be subtracted from the atmospheric pressure in order to 
obtain absolute pressure. Thus, if the reading of the vacuum 
gauge is 24 ft. of water, the absolute pressure will be 34 — 24 
= 10 ft. of water. 


EXAMPLE. 

The reading of the barometer is 76 cm. of mercury. If the specific gravity 
of mercury is 13-6, convert thie pressure to feet of water and pounds per 
square inch. 


Centimetres of water = 76 xX 13-6 = 1032 


1032 
Inches of water eee 407 
407 
Feet of water rig On 33°85 
Pounds per sq. its = wH = 624X 3385 — 2112 
3 DAY 
Pounds per sq.in. = ENT 14-67 


7. Pressure Gauges.* (a) PIEZOMETER TuBE. The pressure 
in a pipe or vessel, full of a liquid, may be measured by inserting 
a glass tube with open ends into the vessel, vertically. The 
liquid will rise in the tube to a height equal to the equivalent 
static head of the pressure in the vessel. This simple type of 
pressure gauge is known as a piezometer tube. 

(b) U-Tusz. The pressure of a fluid may be measured with 
a glass U-tube containing a heavier fluid which does not mix 
with the fluid of which the pressure is required. 

Let the pipe in Fig. 5 contain water under a pressure of 
hin. of water, and let the U-tube contain a liquid of specific 
gravity s. If the left limb of the U-tube be open to the 
atmosphere and the right limb, containing water, be connected 

* For Chattock Tilting Gauge, see Art. 188. 


Fia. 5 
Fie. 6 
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to the pipe, the pressure in the pipe will force the heavy liquid 
in the right limb of the U-tube downwards ; this will cause it 
to rise by a corresponding amount in the left limb. The 
surface of contact between the heavy liquid and the water is 
known as the common surface. 

Consider the horizontal section yy through the common 
surface. 
Let h’ = height of centre of pipe above liquid surface in open 

: limb in inches. 


x = height of heavy liquid in left limb above yy in inches. 

As the liquid below the common surface is homogeneous, the 

pressure at yy in left limb must equal the pressure at yy in the 
right limb. 

Pressure in left limb at yy, 


above atmosphere = xs in. of water. 


Pressure in right limb at yy, 


above atmosphere = 2 Fk + hin. of water. 


Equating these pressures, 


ath’ + h= azs 
From which h = g(s- 1) — k' in. of water. 
If the heavy liquid in the U-tube is mercury, s = 13-6. 
Then, h = (13:6 -1)- k 


= 12-62 —h’ in. of water. 


If the pressure being measured is large, mercury should be 
used in the U-tube. For small pressures the liquid should be 
a little heavier than water. 

(c) InvERTED U-TussE. The difference of pressure between 
two sections of a pipe containing water may be measured by 
an inverted U-tube (Fig. 6). The upper part of the tube 
contains air, whilst the water from the two sections of the pipe 
being measured passes into the left and right limb respectively. 

The heights of the water columns may be adjusted to con- 
venient heights by letting out air through the valve at the top. 

As the air trapped in the upper part of the tube is under 
constant pressure, the difference of pressure between the 
sections of the pipe is equal to the difference in the heights of 
the two water columns. 

Let h = difference of height of water columns in inches. 

Then, difference of pressure = hin. of water. 
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(d) DIFFERENTIAL Gauere. The inverted U-tube may be 
made very sensitive by having a liquid lighter than water in 
the upper part of the tube in place of the air. 

Let s = specific gravity of liquid used. 

Consider pressures above section yy (Fig. 6). 


Difference of pressure = A in. of water — h in. of liquid 
=h-hs 
= h(l - s) 


The nearer s is to unity, the more sensitive the instrument 
becomes. 


Fie. 7 


All gauges which are made sensitive by using liquids of 
different specific gravity are known as differential gauges. 

(e) Om GAUGE WITH ENLARGED Enps. A sensitive type 
of gauge may be obtained by using a U-tube with enlarged 
ends (Fig. 7) ; this type is used for measuring small differences 
of pressure of gases. Water and oil are placed in the limbs, 
the free surface of each liquid being in the enlarged ends. 
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Let A = area of enlarged end 

arca of tube 

specific gravity of oil used 

- mm = common surface. when both limbs are subjected to 
equal pressures. 


Q RQ 
il l 


Assùme both ends of U-tube are exposed to same pressure, 
and that hin. be the height of free surface of oil above the 
common surface mm. 


Then, height of free surface of 
water above mm = sh 


Now let the surface of the oil be subjected to an additional 
pressure equal to xin. of water. This will cause the common 
surface to fall by the amount yin. to the level nn. The level 


of the oil in the enlarged end will consequently fall by Pe 


whilst the level of the water in the other limb will rise by the 
same amount. 

Consider the total pressure in both limbs at the new common 
surface nn. 


> > a 
Height of oil surface above nn = h + y- YA 


a 
= h+u(1-9) 
Height of water surface above nn = sh + y + v3 


a 
= ch +y(1 +4) 


Then, as pressures in both limbs at nn are equal, 


astiat) 


both being in inches of water. 


a 
Therefore, y (1 + 5) =) (1 -4) +2 


a a 
‘a z= ull +9-01-3)| 
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EXAMPLE l. 


A U-tube containing mercury has its right limb open to the atmosphere. 
The left limb is full of water and is connected to a pipe containing water 
under pressure, the centre of which is level with the free surface of the mercury. 
Find the pressure of the water in-the pipe, above atmosphere, if the difference 
of level of the mercury in the limbs is 2 in. 


Consider a horizontal section through the common surface 
and consider the pressure in inches of water in each limb 
above this section. 

Let x = pressure of water in pipe above atmosphere in 
inches of water. 


pressure in right limb 
13-0 X2 

(1361)? 

25:2in. of water 


Pressure in left limb 
x+2 


v 


w il 


Pressure in lb. per sq. in. = wH 
624 x 25-2 
HXI 
= 


EXAMPLE 2. 


A pressure gauge consists of two cylindrical bulbs A and B, each of | sq. in. 
cross-sectional area, which are connected by a U-tube with vertical limbs, 
each of -025 sq. in. cross-sectional area. A red liquid of specific gravity -95 
is filled into A and a clear liquid of specific gravity -9 is filled into B, the 
surface of separation being in the limb attached to B. Find the displacement 
of the surface of separation when the pressure on the surface in A is greater 
than that in B by an amount equivalent to lin. head of water. (London Univ.) 


Consider gauge when pressure in bulb A equals pressure in 
bulb B. 

Let h = height of liquid in A above common surface. 

Then, height of liquid in B above common surface 


95 
ere h 
Now let pressure of 1 in. of water act on liquid in A. 


Let this cause the common surface to rise x in. 


Then, surface of liquid in A will fall 5 in. and surface of 
liquid in B will rise = in. 
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Consider pressures in each limb above new common surface. 


Height of liquid in bulb A above 


Ehe 
new common surface } TE T 


Height of liquid in bulb B above -95 ony 
new common surface = on ea ma 
Total pressure of A = total pressure of B 


x ‘95 x 


l l 
- -952 (1 +35) + l= oe (1 -7) 
wl) 4 lets 


Fia. 8 


8. Total Pressure on a Surface. As the static pressure of 
water varies with the depth, the intensity of pressure on a 
surface will not be uniform, but will vary with the depth. 

Consider any vertical surface in water (Fig. 8). 


Let A = area of surface 
G = centre of area of surface 
z = depth of centre of area 
oo be the free surface of the water 
P = total pressure of water on the surface 


Consider a thin horizontal strip of the surface of thickness dx 
and breadth b. Let the depth of this strip be a. 
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Let intensity of pressure on strip be p ; this may be taken as 
uniform as the strip is extremely narrow. 
Then, p = wx 
where w is the density of the water. 


Area of strip = b.dz 
Total pressure on strip = p.b.dz 
== Ww.x.0.dx, 


Total pressure on whole area = P = w qe b.dx.x 


But, [odes = lst moment 
== At 
Therefore, Pi Aves ; : CRN) 


Or, the total pressure on a surface is equal to the area 
multiplied by the intensity of pressure at the centre of 
area of the figure. 

This equation will hold for all surfaces, whether flat or 
curved. 

EXAMPLE. 


A vertical square sluice is situa- 
ted with its top edge 10 ft. below 
the level of the water ; the sluice 
is 3 ft. square. Find the total 
Z pressure on the sluice. 


AA 
- 


GE 


D 


Z22227 LLL 


Depth of centre of area 
= 10 + 1} = 11h ft. 
Area of sluice ' 
= OR 
Total pressure 
= wAx (From Eq: 1) 


TEE = 62-4 X 9 x 114 
Fra. 9 = 6460 lb. 


9. Centre of Pressure. The intensity of pressure on a 
surface is not uniform but increases with the depth. As 
the pressure will be greatest over the lower portion of the 
figure it follows that the resultant pressure will act at some 
point towards the lower edge of the figure. The problem is 
to find the point of application of the resultant pressure on 
the surface ; this point is known as the centre of pressure, 


STE 


N 
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As an example of the meaning of centre of pressure, consider 
the diagram in Fig. 9. This represents a wall with water on 
the left-hand side only ; the surface of the water being at oo. 
The wall contains an opening below the water level through 
which the water is prevented from flowing by the gate ab, 
which is freely suspended by a cord at c. The point c is on 
the water level. The pressure of the water is tending to swing 
the gate outwards about the pivot c; to prevent this let a 
force P be applied to the gate as shown in the figure. P will 
equal the total water pressure on the gate. There is only one 
point on the gate at which P may be applied which will keep 
the gate perfectly closed ; that point is the centre of pressure. 
If P were applied above this point the gate would open out- 
wards at the bottom ; if P were applied below the centre of 
pressure the gate would open outwards at the top. Thus, the 
moment of P about the pivot c must equal the sum of all the 
moments of the water pressures on the gate about the water 
surface. Therefore, the depth of the centre of pressure may 
be found by taking moments about the water surface. 

Referring to Fig. 8, let C be the centre of pressure of the 
immersed figure. Then the resultant pressure P will act 
through this point. 


Let h = depth of centre of pressure below frece surface 
I, = moment of inertia of figure about oo 
Consider the horizontal strip of thickness dx 
Force on ‘strip = w.x.b.dx (as in Art. 8) 


Moment of force on strip 


2 2 
about free surface oo (7 YT b dx 


Total moment of forces 
for whole arca = w bda 
But, foda = 2nd moment 

= Je 
Therefore, total moment = w I, 


But, moment due to 
resultant pressure 
about oo 


= J2 
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Therefore, Ph =wlil, 
= pls 
Or, h= P 
But, P = wAx (Eq. 1, Art.8) 
Io 
Therefore, TS : ex Gait art) 


2nd moment 
lst moment’ 
The value of Fy may be obtained from the theorem : 
Io = 14+ Ax 
where I, is the moment of inertia of the figure about a 
horizontal axis through its centre of area. 


Or, the depth of centre of pressure = 


EXAMPLE. 


A circular plate 6 ft. diameter is placed vertically in water so that the 
centre of the plate is 4 ft. below the surface. Find the depth of the centre of 
pressure and the total pressure on the plate. 


mdt 
I= 
764 
pA Tae ee > 4 
= Fy = 636 ft. 
Area of plate =76 = 28-22 sq. ft. 
TER 
Also, E ela Ez 
= 63-6 + (28-22 x 16)= 515-6 ft.4 
= Ie 
U a 
= 5156 a 
= agoa cud We ee 


Total pressure on plate = wA% 
= 7050 lb. 


10. Centre of Pressure for an Inclined Surface. The depth 
of the centre of pressure for a surface inclined to the water 
surface may be found by taking moments about the point of 
intersection of the plane of the inclined surface and the water 
surface. 
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Referring to Fig. 10, let mn represent the inclined surface, 
the view of which is shown projected. 
Let B = point of intersection of surface produced with water 

surface 
6 = Angle of inclination of immersed surface. 

Consider a thin horizontal strip of area of distance x from B. 

Then, using same notation as Art. 8 and 9, 
p = w xsin 6, and acts normal to surface 

Area of strip = bdz 

Force on strip = p bdx 

= we sin 0 b dx 


Total force on surface = P=w h b.dx.x sin 0 


Fie. 10 


But foda.x = lst moment about B 
Ax 


~ gin 6 
Therefore, P=wdaAz 5 ; 4 , T) 


Taking: moments about B, 
Moment of force on strip = w.x.sin 0 b.dx.x. 


Sum E ET of forces Sere eua 
Let I, = moment of inertia of surface about B 


Then, I Ss dæ.x? 
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Therefore, total moment = w sin 0 Is 
Ph 
But, total moment = ——; 
sin 0 
Ph 
Therefore, —— = wsinél, 
sin 0 
S o 
Or. p= i nee 
Substituting for P from Equation (1), 
TT Sno 
he 
Ax? 
where | ie == I + nate 


It will be noticed that if 6 = 90°, Equation (2) becomes the 
same as Equation (1) of Art. 9. 


EXAMPLE. 


Find (a) the total pressure, and (b) the position of the centre of pressure 
on one side of an immersed rectangular plate, 6 ft. long and 3 ft. wide, when 
the plane of the plate makes an angle of 60° with the surface of the water 
and the 3 ft. edge of the plate is parallel to, and at a depth of 24 ft. below, 
the surface level of the water. 

If you employ any formula you must prove its correctness. (London Univ.) 


(b) Using Equation (2), 
181020 


= 2-5 + 3sin 60° = 5-1 ft. 
Ax? 
laike ee 60 
3 x 6? TIDA 614 
-12 ae 678 ft.4 
ax (its) Se oye 
~ 18 X Sl 
(a) Using Equation (1), 
PETUA T 
= 62-4, X: 18 x 5:1 = 5725 lb. 
11. Fluid Pressure on a Curved Surface The total fluid 
pressure on a curved surface and the position of the centre of 


= 6-53 ft. 
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pressure can be obtained by drawing the force polygon for 
the forces causing equilibrium. Consider the curved surface 
AB of Fig. 11. The total force on the surface and its point of 
application can be obtained by considering the equilibrium 
of the volume of water ABC. Consider unit length of the 
surface in a direction perpendicular to the’ plane of the 
figure. 


Let P = total fluid pressure on rectangular area OB 
W = weight of volume ABC of fluid acting at its centre 
of gravity G 
R = total reaction to fluid pressure of surface AB 


As the three forces P, W and R maintain the fluid ABC in 
equilibrium, they will intersect at a common point; this 
point’ will be “a,” the point 
of intersection of P and W. C A 
Consider the rectangular water 
face CB, 


P =w Az ' 

C & i 

wh? i ' 
eR =a 


ts k--- 
a 


The point of application of P 


is at 3 from the base. Choosing ay, 


a convenient scale, draw ab to Fic. 11 

represent P, and ac to represent 

W; then, diagonal ad gives the resultant force on the surface 
R. The centre of pressure on the surface AB is at e, the point 
at which the line of action of R cuts the surface. 

12. The Pressure on Lock Gates. A practical problem on 
the centre of pressure is encountered in finding the forces on 
alock gate. The plan of a pair of lock gates is shown in Fig. 12. 
AB and BC represent the gates which are held in contact at B 
by the water pressure, the water level being higher on the left- 
hand side of the gates. The gates are hinged at top and 
bottom at A and C. 

Consider the forces acting on the gate AB. 

The watcr pressure acts with a resultant force P at the 
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centre of the gate and normal to it. The gate BC acts on it 
with a pressure 7’ which is normal to the surface of contact of 
the two gates. The 
two hinges on the side 
A will react with a 
total force œR, the 
direction of which is 
not yet known. As 
the gate is in equili-. 
brium under these 
three forces, they will 
all intersect at one 
point. Let P and T 
intersect at D; then 
R must pass through 
Fra. 12 this point. Thus, the 

gate is in equilibrium 

under the action of three forces intersecting at D. Let 
a = angle of inclination of gate to the normal of side of lock. 


Then, triangle ADB will be isosceles, as angles DBA and DAB 
equal a 


Resolving the forces at D in a direction parallel to gate, 


R cos a = T cosa 


Therefore, 

R= 
Resolving normal to 
gate, 


P= (kh - DP) 
sin a 
= 2Rsin a 
P 


~ 2Qsina 


Or, 


Also, inclination of R to centre line of gate = a. 


Next consider the water pressure on the gate. Fig. 13 is a 
view of the gate in the direction AB. 


Let H, = height of water to left of gate 
H, = height of water to right of gate 
H = height of top hinge from bottom of gate 
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Let P, = total pressure of water to left of gate 
P, = total pressure of water to right of gate 
R, = reaction of top hinge 
E, = reaction of bottom hinge 

Then, Re+ Rk; = R 

w H 

Alsop = 5 * x wetted area of gate 

: w H 

and Pa = 9 7x wetted area of gate 


then, tR = P= P3 
P, will act at the centre of pressure which is“? from bottom. 
; H 
Also, P, will act at re from bottom. 


It will be noticed that only half the water pressure may be 
taken as acting on the hinge edge of the gate; the remaining 
half will be taken by the reaction of the gate BC. 

Taking moments about F (Fig. 13), 


4 Py Pi H, Ra H, 
R, sin a H = (5 x 5) - (58x 54) 5 5 è (1) 
Resolving horizontally, 
PP 
z y =Æ sina + R sina f ; ) E2) 


Then, from Equations (1) and (2), R, and R, may be found. 


13. Water Pressure on Masonry Dams. Fig. 14 shows the 
section of a masonry dam having a sloping back ; let the height 
of the water be H. The total pressure P on the dam will act 
at the centre of pressure C, the height of C being one-third H, 
and will act normal to the surface. The weight of the masonry 
W will act at the centre of area of the cross-section of 
the dam. : 

Produce the forces P and W to intersect at a. 
Let ab represent P and let ad represent W to the same scale. 
These are the only forces acting on the dam. Complete the 
parallelogram and draw the diagonal ae. Then ae gives the 

magnitude and direction of the resultant force R. 
Let the point at which the resultant force cuts the base of 
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the dam be f. Then, in order to keep the stresses on the base 
of the dam within certain limits, f must fall within a certain 
distance from the centre of the base. 

The above method investigates the strength of the base of 
the dam only ; it is necessary to extend this method to other 
horizontal sections and so test the strength of the dam at all 
heights, and for all depths of water. 

Consider the section of the dam in Fig. 15, and assume, in 
the first case, the dam to be full. Consider the horizontal 
section line bb as the base of the dam, asin the previous problem, 


Fig. 14 


and find the point at which the resultant force cuts the section 
line. To do this, let G, be the centre of area above bb and W, 
its weight; let P, be the water pressure above bb acting at 
one-third of the height above bb. 

Next consider the whole section of the dam above cc. This 
gives a new centre of area G, a new weight W,, and a new 
pressure P,. Find the point on ce at which the resultant 
of W, and P, cuts the line. Repeat this by considering the 
whole section above dd and ee in turn. Mark clearly the point 
at which each resultant cuts its own section line and draw a 
smooth curve through these points. This curve is known as 
the line of pressure for the dam when full; and for any 
horizontal section line, this curve must cut the line within a 
given distance from the centre. 

It is next required to draw the line of pressure for the dam 
when empty. In this case there will be no water pressure 
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acting, the only force being the weight of the masonry. The 
point at which the resultant cuts the base is now where W, 
cuts bb, where W, cuts cc, etc. By drawing a smooth curve to 
pass through these points, the line of pressure for dam when 
empty is obtained. This curve, also, must cut any horizontal 
section line within a given distance from the centre. 


a a 
| a 
4 W G, B 
| 
OELE EE ed. GSS eS b 
P AIA W B 
7 i 
Ga 
| 3 
Viz B 
(Daik pa ra iae EA $ id SSS Sse FS 3 C 
y l W 
4 Z 
A 
PN é 
— 
Az a= oa! Ata ae eee ag 
Ry l W; 
Lite of Pressure ! 3 
(Full) it M Line of Pressiv? 
j j (Empty) 
I 


| 


; a 
yy iw, 
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It will be noticed that the centre point of the top of the dam, 
aa, will be the required point for both lines of pressure at this 
section. 

In all problems dealing with masonry dams it is usual to 
calculate all the forces on a length of 1 ft. Pid 


EXAMPLES 1. | 

(1) A diver is working on the sea bottom at a depth of 74 ft. What is the 
pressure, above atmosphere, in pounds per square inch, at this depth ? 
l cu. ft. sea water weights 64 lb. ; 
Ans.—32:9 lb. per sq. in. 


2—(T.5167) 
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(2) The pressure of a gas is measured by a U-tube containing water, which 
has one limb open to the atmosphere, and is found to be 2-6 in. of water. 
The barometer reading is 76cm. of mercury. Express the pressure of this 
gas in pounds per square inch—(1) as gauge pressure, (2) as absolute pressure. 
The specific gravity of mercury is 13-6. : 

Ans.—(1) -0939 lb. per sq. in. (2) 14-7639 lb. per sq. in. 

(3) A hydraulic press has a ram of 4in. diameter and a piston of $ in. 
diameter. What load on the ram can be lifted by a force of 25 lb. on the 
piston ? 

Ans.—2,840 lb. 

(4) A masonry dam of rectangular section of 20 ft. high and 10 ft. wide 
has the water level with its top. Find (1) the total pressure on 1 ft. length 
of the dam; (2) the height of the centre of pressure; (3) the point at which 
resultant cuts the base. The weight of 1 cu. ft. of masonry is 110lb. 

Ans.—(1) 12,480 lb. (2) 6-67 ft. (3) 3-78 ft. from centre. 


(5) A hollow triangular box, the ends of which are equilateral triangles of 
4 ft. sides, is submerged in water so that one of its rectangular faces lies in 
the surface of the water. Find the net total pressure, and the position of the 
centre of pressure on one of the triangular ends, (a) when the inside of the box 
is at atmospheric pressure; (b) when the inside of the box is at a pressure 
of 1 lb. per sq. in. above the atmospheric pressure. (London Univ.) 
Ans.—(a) 496 lb.; 1-735 ft. from surface. (b) 5001b.; -585 ft. from surface. 


(6) A pressure gauge, for use in a stokehold, is made of a glass U-tube with 
enlarged ends, one of which is exposed to the pressure in the stokehold and 
the other connected to the outside air. The gauge is filled with water on one 
side, and oil having a specific gravity of -95 on the other—the surface of 
separation being in the tube below the enlarged ends. If the area of the 
enlarged end is 50 times that of the tube, how many inches of water pressure 
in the stokehold correspond to a displacement of lin. in the surface of 
separation ? (London Univ.) 

Ans.—-089 in. 

(7) A circular plate 5 ft. diameter is immersed in water, its greatest and 
least depths below the surface being 6 ft. and 3 ft. respectively ; find (a) the 
total pressure on one face of the plate; (b) the position of the centre of 
pressure. (London Univ.) 

Ans.—(a) 5,520]b. (b) 4:63 ft. below surface. 


(8) Each gate of a lock is 20 ft. high and 6 ft. wide, and is supported on 
pivots, situated 2 ft. from the top and bottom. The angle between the gates - 
when they are closed is 140°. If the depths of water on the two sides are 
17 ft. and 5 ft. respectively, find the magnitude and position of the resultant 
water pressure on each gate, the magnitude of the reaction between the gates, 
and the magnitude and directions of the reactions at the pivots, on the 
assumption that the gate reaction acts in the same horizontal plane as the 
resultant water pressure. (London Univ.) 

Ans.—49,500 lb. ; 6-04 ft. from bottom; 72,5501b.; 18,150 1b. 
(top); 54,400 1b. (bottom); 20° to gate. 


(9) A rectangular sluice-gate 6 ft. square has its upper edge submerged to 

a depth of 6ft. Determine the magnitude of the resultant pressure on one 
face, and the centre of pressure. (A.M.I. Mech. E.) 

Ans.—20,200 lb.; 94 ft. 

(10). A hemispherical tank, 5 ft. in diameter, is full of water. Determine— 

(1) The resultant pressure on the wetted surface; (2) the total pressure on 

the wetted surface; (3) the centre of pressure on the wetted surface. 

(A.M.I. Mech. E.) 
Ans.—(1) 2,040 lb. (2) 3,060 lb. (3) 2-5 ft. 
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(11) A bulkhead closing one end of a floating dock is 30 ft. wide at the 
bottom and 60 ft. at the top, and is 30ft. deep. If submerged up to its 
upper edge, what is the pressure on the bulkhead, and what will be the depth 
of the centre of pressure ? (A.M.Inst.C.E.) 

Ans.—1,122,000 1b. ; 18:75 ft. 


(12) A 10 ft. length of a semicircular culvert 6 ft. in diameter has bulk- 
heads at each end. If filled with water determine (a) the resultant force 
exerted by the water on the wetted surfaces; (b) the total pressure exerted 
on these surfaces. (A.M.1.Mech.E.) 

Ans.—(a) 8,810 lb. ; (b) 13,450 1b. 


(13) Describe with sketches some form of differential gauge capable of 
enabling very small differences of head in a pipe to be measured. Explain 
the theory of its action. (A.M. Inst. C.E.) 


(14) A circular drum, 4 ft. in diameter and 10 ft. long, rests with its axis 
horizontal on the bottom of a dock in which the depth of water is 10 ft. 
Determine: (a) The total pressure on the surface of the drum; (b) the 
resultant pressure on the surface of the drum ; (c) the depth of the centre of 
pressure on each of the flat ends. (A.M.I. Mech. E.) 

Ans.—(a) 74,060 1b. ; (b) 7,820 1b. ; (c) 8-126 ft. 


(15) Water is 60 ft. deep at the face of a dam, which is vertical to 30 ft. from 
the water level, below which it slopes at 30° to the vertical. Specify completely 
the resultant pressure which acts on the face of the dam per foot run. (London 
Univ.) 

Ans.—P = 123,000 lb. at 233° to the horizontal. 
h = 41-3 ft. 


(16) Show that a vertical surface, subject to water pressure on one side, 
requires, for equilibrium, a balancing raoment, about a horizontal axis through 
the centroid of area, which is independent of the depth of submergence. 

An aperture in a vertical wall of a water-tank is closed by a circular plate 
24 in. diameter. This is held in position by four stops, one at each end of the 
horizontal diameter and one at each lower end of the diameters at 60° to the 
horizontal. Determine the stop reactions when the water surface is 18 in. 


above the plate centre. (London Univ.) 
Ans.—118:5 lb., 28-5 lb. 


CHAPTER II 
THE BUOYANCY OF A LIQUID 


14. Buoyancy. If a body is floating in a fluid and is at rest, 
it will be in equilibrium in a vertical plane; then the total 
upward force must equal the total downward force. This 
is true whether the body be immersed in a liquid or a gas. 
The downward force on the body will be due to gravity, 
whilst the upward force will be the resultant upward pressure 
of the fluid in which the body is floating. This resultant 
upward pressure is known as the buoyancy. 

Consider a body immersed in a fluid, and let oo be the surface 
of the fluid (Fig. 16). Consider a vertical prism of the body of 
height H and end area a. Let pbe the intensity of pressure of 
the fluid on the upper end of the prism. Then the intensity 
of pressure on the lower end of the prism will be p + wH, the 
additional amount wH being due to the additional depth H 
of the fluid. 


Total downward pressure of fluid on prism = pa 


Total upward pressure of fluid on prism = (p + wH)a 
Resultant upward pressure of fluid on prism= (p + wH)a—- pa 
= wHa 
But, volume of prism = Ha 
Therefore, resultant upward pressure = w X volume of 
prism 


displaced by 


prism 


If the whole body is imagined to be made up of similar 
vertical prisms, it follows that the total resultant upward 
pressure of the fluid will equal the weight of fluid displaced 
by the body. This.is known as Archimedes’ principle. 


EXAMPLE. 


The volume of the displacement of a ship in sea water is 4,000 cu. ft.; 
find the weight of the ship if 1 cu. ft. sea water weighs 641b. Find also the 
volume of the displacement in fresh water. 
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Weight of ship = weight of sea water displaced 
_ 64 x 4000 


SO aaah 114-2 tons. 
Volume of fresh water displacement = be a aN 
= 4,100 cu. ft. 


15. Centre of Buoyancy. When a body is floating in a 
liquid, a normal pressure will be exerted by the liquid at all 
points on the surface of the body. The resultant of all these 


Q oO 


& | p+wH 


Fie 16 


normal pressures will be vertically upwards and will act through 
the centre of gravity of the volume of liquid displaced by the 
body ; this point is known as the centre of buoyancy. When 
dealing with a transverse section of a floating body, the 
centre of buoyancy is at the centre of area of the immersed 
section. 

Referring to the transverse section of the ship in Fig. 17, 
let ac be the water line; then the immersed section will be 
the area acde. The centre of buoyancy will be at the centre 
of area of this immersed section and is denoted by the point B,. 
If the ship rolls in a clockwise direction, as shown by the 
dotted position (Fig. 17), the immersed section will now be 
acd,e,, and the centre of buoyancy will be at the centre of 
area of this new immersed section. 

16. Conditions of Equilibrium of a Floating Body. There are 
three conditions of equilibrium for a floating body: stable, 
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unstable, and neutral. If the floating body is given a slight 
angular displacement, such as the rolling of a ship, after which 
it returns to its original position, the body is said to be stable. 
If, on being given a slight displacement, it heels farther over, 
it is said to be in unstable equilibrium. But if the body is 
given a small displacement into a new position and it remains 
at rest in that new position, the body is then said to be in 
neutral equilibrium. 

Consider the cross-section of a ship, shown in Fig. 17, and 
let oo be the water-line, B the centre of buoyancy, and G the 
centre of gravity of the ship. If the ship is given a small angular 


displacement 0, it will rotate about some point on its vertical 
axis. As the rotation does not cause any alteration in the 
volume of water displaced, it follows that the ship must rotate 
about the point of intersection of the waterline with the 
vertical centre line. The dotted lines show the position of the 
ship after it has heeled through the small angle 6. 


Let B, = position of new centre of buoyancy after heeling 
G = position of centre of gravity after heeling 
W = weight of ship 


Draw a vertical line through B, to intersect the centre line 
of the ship at M. The point M is called the metacentre. 

The forces now acting on the ship are shown in the right- 
hand diagram of Fig. 17; the upward thrust of the water is 
equal to W and acts vertically through B,, whilst the weight 
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of the ship acts vertically downwards through @. Thus, there 
is a couple acting on the ship tending to restore it to its original 
position. This couple is known as the righting couple, or 
righting moment, its magnitude being W x horizontal distance 
between G and B,. 


Or, righting couple = W x x 

= W x MG x tan 6 (as 0 is small) 
The distance MG is known as the metacentric height, when the 
angle 0 is infinitely small. 


It will be seen from this that the ship behaves as a pendulum 
suspended at M, the point G corresponding to the bob, as 


shown in Fig. 18. Hence, the ship may be regarded as rotating 
about M, which point is considered by some authorities to be 
equivalent to the instantaneous centre of rotation. As M is 
always very close to the water-line, it does not materially 
affect the problem whether the ship be assumed to rotate 
about the water-line or about its metacentre M. M can only 
be regarded as a fixed point for an extremely small angle of 
heel. 

Now, referring to Fig. 18, the righting moment is W x GM 
tan 0, so that if M is above G the ship will return to its original 
position and is, therefore, stable. If M is below G, the moment 
due to W would cause the ship to turn completely over. In 
this case the ship would be unstable. In the case when M 
coincides with G the ship is in neutral equilibrium, for there 
would then be no moment acting on the ship. In order to 
ensure that a ship is perfectly stable, M should be a certain 
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distance above G; the distance varies with the size and type 
of the vessel, usually the metacentric height is between 1 ft. 
and 4 ft. 

The term ‘“‘metacentre” was first defined by Bougier* in 
1746. Bougier’s definition was that the metacentre is the 
point at which the vertical through the centre of buoyancy 
intersects the vertical centre line of the ship’s section, after 
a small angle of heel. 

The metacentric height of a floating body can be determined 
both by calculation and by experiment. 

17. The Experimental Determination of the Metacentric 
Height. The metacentric height of a ship or pontoon may be 
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found experimentally whilst the vessel is floating ; the position 
of the centre of gravity must be known beforehand. 

Let W be the weight of the ship (Fig. 19), which is known, 
and let G be the centre of gravity. Let a known movable 
weight m be placed on one side of the ship. 

A pendulum consisting cf a weight suspended by a long 
cord is placed in the ship and the position of the bob when at 
rest is marked. Let l be the length of the pendulum. The 
weight m is then moved across the deck through the 
distance x, the new position of m being denoted by m’. This 
will cause the ship to swing through a small angle 0 about 
its metacentre M. Then, as the pendulum inside the ship 
still remains vertical, the angle 0 may be measured by the 
apparent deflection of the pendulum. 


* Traité dv navire, by Bougier. 


gl 
t For full discussion on stability of ships see Sir William White’s Naval 
Architecture. 
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Let apparent horizontal displacement of pendulum weight 
= yY. 


Then, tan 0 = / 


Referring to Fig. 19, the moment caused by W about M equals 
the moment about M caused by moving m to m’. 

Or, X CM tan 0 = mz 

Ma ' 
Wtand ` i j eye 


and, as all the quantities on the right of this equation are 
known, the metacentric height can be calculated. 


From which GM = 


EXAMPLE. 


Define the term “‘ metacentric height ”’ in connection with a floating body. 
Obtain an equation giving ths metacentric height and apply it in the case of 
a ship which displaces 3,000 tons of sea water and which heels over 4 when a 
load of 15 tons is shifted across the deck a distance of 30 ft. (London Univ.) 


Taking moments about M (Fig. 19), 
Moment due to W = moment due to m 
W GM tan 6 = my 


l 
3000 GM 3 = 15 x 30 


15 X 30 X 30 
3000 


= 4:5 ft. 


GM = 


18. Analytical Method for Metacentric Height. An equa- 
tion for the metacentric height of a floating body may be 
obtained if the position of the centre of gravity G is known. 
Consider the transverse section of the ship of Fig. 20; let the 
ship heel in a clockwise direction through a small angle 0 
(radians). The immersed section has now changed from the 
area of acde to the dotted position acd,e,. The new centre of 
buoyancy is B,; the old centre of buoyancy, relative to the 
ship, is B; hence the centre of buoyancy has moved from B 
to B,, relative to the ship. It will be noticed that the effect 
of the heeling is to move an immersed wedge from one side of 
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the ship to the other; that is, the immersed wedge aom now 
occupies the position con. The apparent movement of this 
wedge across the ship causes the centre of buoyancy to move 
from B to B,; these movements, of course, being relative to 
the ship. From the effect of these two movements the required 
equation may be obtained. 

As the volume of water displaced remains constant, the 
shaded area aom must equal the shaded area con; hence the 
old water-line mn will pass through the point o. From this 
it follows that the ship is rotating about the point O; but for 
the extreme case of 6 being infinitesimally small, the same 
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result is obtained whether the ship be assumed to rotate about 
M or O. 


Let l be the length of the ship and consider a thin transverse 
slice of length dl. 
Let b = breadth of ship. 
V = volume of water displaced by whole ship. 
d V= volume of water displaced by slice considered. 


I = moment of inertia of a horizontal section of 
ship at water line about a longitudinal axis. 


dI = moment of inertia of slice considered about a 
longitudinal axis. 


g and g’ = centres of gravity of triangular prisms aom 
and con respectively. 
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Then, weight of ship = wV 
weight of slice considered = wd V 
distance between g and g’ = 3b 


m= A = 2a 
volume of wedge of slice = ł4 x : x5 6x dl 
2 
weight of wedge of slice = he À al 
Aa ma breadth x (depth)? 
12 
_ dxb 
ae eS 


Taking moments about M, 


moment caused by moving moment caused by moving 
triangular prism of water upward thrust of water 


from g to g’ from B to B,. 
2 
That is, ee oe 36 = wdV x BB, 
b3 
Or, w( 5 )o= wav x (BM x 6) 
Hence, dl = BM X dy 
Integrating for whole length of ship, 
TBE V 
ji 
Or, IE = y : : : (1) 


Then, metacentric height GM = BM - BG. 


Hence, as BG is known, the metacentric height can be 
obtained. 

The moment of inertia J is actually the moment of inertia 
of the horizontal section of the ship at the water line. Usually 
the sides of a vessel are vertical at this section, so that / may 
be taken as the moment of inertia of the deck about a longitud- 
inal axis. Referring to the plan of the vessel shown in Fig. 21, 
in order to find the moment of inertia of this figure about the 
axis oo it would be necessary to divide the section up into small 
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horizontal rectangles and to add together their moments of 
inertia. Sometimes, the moment of inertia of the deck of a 
ship is given as a function of the moment of inertia of the 
circumscribing rectangle. 


Let l = length of ship (Fig. 21) 


Then, moment of inertia a a lb? 


circumscribing rectangle 12 
And i = p BS 
z FRNA 


where k is a coefficient depending on the shape of the ship. 


In the case of a pontoon, the deck will be 
rectangular ; then & will equal unity. 

This method may be applied if the angle 
of heel is less than 10°. As the moment of 
inertia of the ship’s water plane is not 
constant, but increases with the angle of 
heel, the metacentric height will increase 
as the angle of heel increases. 

The metacentric height of large ships 
varies between 1} ft. and 4 ft. 


EXAMPLE 1. 


A vessel has a length of 200 ft., a beam of 28 ft., 
and a displacement of 1,350 tons. A weight of 20 
tons moved 224 ft. across the deck inclines the 
vessel 5°. The second moment of the load water- 
plane about its fore and aft axis is 65 per cent of 
the second moment of the circumscribing rectangle, 
and the position of the centre of buoyancy is 5 ft. 
below the water line. Find the position of the 
metacentre and the centre of gravity of the vessel. 
The weight of 1 cu. ft. of sea water can be taken as 
641b. (London Univ.) 


From Equation (1), Art. 16, 


Max 
W tan 6 


_ 20x225 
~ 1850 x -0875 


= 3°81 ft. 


GM = 
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Volume of displacement = V = w 
w 
1350 x 2240 
a 64 
= 47,200 cu. ft. 
1 b3 
ME ST 
‘65 X 200 X 28? 
— Sa 10? ee = 238,000 {t.4 


From Equation (1), 


yi 


238,000 
~ 47,200 
= 5-05 ft. 
Position of M = 5-05 -—5 = -05 ft. above water line 
Position of G = 3:81-05 = 3-76 ft. below water line 


EXAMPLE 2. 
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State the condition for the stability of a floating body; and find an 
expression for the distance between the centre of buoyancy and the meta- 
centre, in terms of the second moment of the water-plane area and the volume 


of displacement. A cylindrical buoy floats in salt water. It is 6 ft. diameter 


and 4 ft. long, and weighs 2,500 lb. The C.G. is 1-5 ft. from the bottom. 


If 


a load of 500 lb. is placed on the top, find the maximum height of its C.G. 
above the bottom, so that the buoy may remain in stable equilibrium. 


[Weight of 1 cu. ft. of salt water, 641b.] | (London Univ.) 
The floating buoy is shown in Fig. 22. 


36 HYDRAULICS 


Let G@ = centre of gravity of buoy 
g = centre of gravity of weight on top 
G’ = centre of gravity of buoy plus weight 
D = depth of buoy below water line 


D 
Then, height of B from bottom = a 


Let x = required height of centre of gravity of weight. 
Then, x will be a maximum when the buoy reaches the state 
of neutral equilibrium. That is, when G’ and M coincide. 


Total weight of buoy plus load = 2500 + 500 
= 3000 lb. 
3000 


ea = 46-9 cu. ft. 


Volume of water displaced = V = 


— area of base 
46:9 


=. = 1-66 ft 

iss 2 

4 6 

1-66 
Then, height of B = a ed 83 ft 
Using Equation (1), 

‘ I x (diameter)! 

rit <a fs 

Height of G’ above bottom = 1-355 + :83 = 2-185 ft. 


In order to find z take moments about the bottom of cylinder. 
500 Z = (3000 x 2-185) — (2500 x 1-5) 
g= 5-61 ft. 

19. Floating Body Anchored at Base. Consider a floating 
body, such as a buoy, anchored by means of a chain from the 
centre of its base (Fig. 23). The tension in the anchor chain 
puts an additional downward force on the body causing it to 
displace a larger volume of water. 

Let W = weight of body 

T = tension in anchor cable 
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Then, applying Archimedes’ principle, 
total downward force = weight of water displaced 
Or, W+T=w Ad ; : i TEN 
where A is the area of the body in the horizontal plane and d 
is the draught in feet. 
Also, BM = = : 7 : ; eee) 


If the body is just to float with its axis vertical, the meta- 
centric height M must coincide with the centre of the force 
system acting on the body; it is then in neutral equilibrium. 


Referring to Fig. 23, let K be the centre of the force system ; 
that is, the point of application of the resultant of W and T 
when the body has a small angle of heel. Let K be the point of 
application of the tension in the anchor chain. When the 
body has a small angle of heel, as shown to the right of the 
figure, the moments due to T and W about the point R will 
balance; hence, 


Wx RG=T x RK ae e) 


If the system is in neutral equilibrium, the upward thrust 
of the water must pass through R, which coincides with M. 


EXAMPLE. 

A cylindrical buoy is 5 ft. diameter and 6 ft. high. It weighs 1,500 lb., and 
its centre of gravity is 2-5 ft. above the base and is on the axis. Show that the 
buoy will not float with its axis vertical in sea water. 

If one end of a vertical chain is fastened to the centre of the base, find the 
pull on the chain in order that the buoy may just float with its axis vertical. 
Density of sea water, 64 lb./ft.. (London Univ.) 
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When there 1s no Anchor Chain. 


W=7D?xd x 64 


that is, 1500 = 3 x 5#d x 64 
from which, d = 1-192 ft. 
d 
Then, BG = 2:5 - 3 
1:192 
= 25- mer daa 1-904 ft. 
Jí 
BM = y 
mT 
nRa 
64 3 


T 
= Ke : 
45 X 17192 


= 1-31 ft. 
MG = BM - BG 
= 1-31 — 1-904 
= — -594 ft. 
Hence, M is below G; the body is, therefore, unstable. 


When Anchor Chain is Fitted. 
Applying Equation (1), 
1500 + T = 64 x 7 8d 
Applying Equation (2), 


vf 
BM = 


P and M now coincides with R 


that is, 2-5- RG - i = Los 
Wis 
4 
Applying Equation (3), 
1500 x RG = T x (2-5 - RG) 
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Substituting in Equation (1) the value of T from Equa- 
tion (3), 


3 


Substituting this value of RG in Equation (2) 
Cee 

Then, from Equation (1), 

T = 640 lb. 


20. Floating Body with Bilge Water. The effect of water 
in the bottom of a floating body, if free to move, is to reduce 


> 
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the righting moment when the floating body has an angle of 
heel. 

Consider the rectangular pontoon of Fig. 24, and let ‘there 
be a quantity of free bilge water in the bottom, its surface 
being denoted by the line aa. Now imagine the pontoon to 
heel through the small angle 0 radians; the surface of the 
bilge water will remain horizontal and is now represented by 
the line a,a,. This has the effect of moving the shaded wedge 
of bilge water from one side of the pontoon to the other; the 
centre of gravity of the pontoon and its contents are thus 
moved by a corresponding amount. The equation of Art. 18, 

1 


BM =F 


is not affected by the relative movement of the bilge water, 
as this equation is based on the displacement of the external 


water only. 
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Let G = original centre of gravity of pontoon and contents 
before heeling 
g = mass centre of wedge of bilge water 
m = weight of wedge of bilge water 


ee A 
=w(5 x5 x 5) 


wlb6 
Sota 
x = horizontal distance moved by mass centre of 
wedge 
= 2b (approximately, if 0 is small) 
I = second moment of bilge water surface about 
longitudinal axis 
1b 
AE 


Then, righting moment = W MG 0 - mx 
wlb?0 2 ) 
a e b 


= WG 6 -( 3 


= WMG 6-we(= 
r FRAGE 
= WMG6-wIé . : ah) 
It will be noticed from Equation (1) that the effect of the 
free bilge water is to reduce the righting moment on a floating 
body. z 
21. Transverse Oscillation of a Floating Body. In Art. 16 
it was shown that a floating body, when given a lateral heel, 
may be regarded as oscillating instantaneously about the 
metacentre M (Fig. 17) in the same manner as a pendulum 
oscillates about its point of suspension. 


Let W = weight of floating body 
m = metacentric height in feet 
6 = angle of displacement (rads.) in t secs. 
a = angular acceleration in rads. per sec.? 
d?0 
= aa 
T = time of complete oscillation in secs. 
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I = moment of inertia of body about its centre of 
gravity G 
k = radius of gyration about G 
Then, = UA 
g 


It is assumed that the axis of oscillation passes through G; 
this is approximately correct if m is small. 
Assuming 0 to be small, 


righting moment = Wmé (Art. 16) 
and inertia torque = — Ia 
then, Wmé = — Ia 
Substituting for J and a, 
W d?0 
ste LENEA 
Wmo = he X JE 


. d0 m 
from which dP -- p’ = 


The solution of this differential equation is 


a Acin(/% x 1) + Boos ,/M x 1) 


where A and B are the constants of integration. 
When ¢ = 0, 0 = 0, hence B = 0 


then, p= Aen (|! x2) 


gi 
Also, when ¢ = 2? oE) 


“(Bd 
then, 0= Asin Bm > 


As A cannot be zero, then, 


hence, 
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from which I pe a : é : : (1) 
mg 


From this equation the time of oscillation of the floating 
body can be calculated if m and & are known. 

It will be noticed from Equation (1) that if m is increased 
the time of oscillation is shorter. This is noticeable with a 
ship travelling in ballast, as the effect of the ballast is to lower 
the centre of gravity G and thus increase m. 


EXAMPLE. 


Define the metacentric height of a floating body. Derive the formula for 
the period of rolling about the horizontal longitudinal axis through the centre 
of gravity, and state the assumptions made in deriving the formula. 

The metacentric height of a ship is 2 ft. and the period of rolling is 20 
seconds, what is the value of the relevant radius of gyration? (London Univ.) 


Assumptions made are (1) the angle 0 is small; (2) the meta- 
centric height is small so that the axis of oscillation is approxim- 
ately through G. 


Using Equation (1), 


2 
IEE 3 
mg 
Hi k? 
that 18, 20 = 27 2 x 32-2 


from which k = 25-4 ft. 


EXAMPLES 2. 


(1) A ship has a displacement of 2,200 tons in sea water. Find the volume 
of the ship below the water line. 1 cu. ft. of sea water weighs 64 lb. 
Ans.—77,000 cu. ft. 


(2) A solid cube of wood of specific gravity of -9 floats in water with a face 
parallel to water plane. If the length of one edge is 4 in., find the metacentric 
height. 


Ans.— 17 in. 


(3) A pontoon of 1,500 tons displacement floats in fresh water. A weight 
of 18 tons is moved 24 ft. across the deck; this causes a pendulum 10 ft. 
long to move 43 in. horizontally. Find the metacentric height of the pontoon. 

Ans.—7-68 ft. 


(4) A rectangular pontoon weighing 240 tons has a length of 60 ft. The 
centre of gravity is 1 ft. above the centre of the cross-section, and the meta- 
centric height is to be 4 ft. when the angle of heel is 10°. The freeboard 
must not be less than 2 ft. when the pontoon is vertical. Find the breadth 
and height of the pontoon, if floating in fresh water. 

Ang.—21-8 ft. and 8-6 ft. 
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(5) State the conditions which govern the stability or instability of a 
floating vessel. 

A buoy carrying a beacon light has the upper portion cylindrical], 7 ft. 
diameter and 4 ft. deep. The lower portion, which is curved, displaces a 
volume of 14 cu. ft., and its centre of buoyancy is situated 4 ft. 3 in. below 
the top of the cylinder. The centre of gravity of the whole buoy and beacon 
is situated 3 ft. below the top of the cylinder, and the total displacement is 
2:6 tons. Find the metacentric height. [Weight of sca water, 64 lb. per 
cu. ft.] (London Univ.) 


Ans.—1:101 ft. 


(6) A rectangular pontoon, 35 ft. long, 24 ft. broad, 8 ft. deep, weighs 
70 tons. It carries on its upper deck a boiler 16 ft. diameter weighing 50 tons. 
The centres of gravity of the boiler and pontoon may be assumed to be at 
their centres of figure and in the same vertical line. Find the metacentric 
height. [Weight of sea water, 64 Ib. per cu. ft.] (London Univ.) 

Ans.—3-1 ft. 


(7) A cylinder has a diameter of 12 in. and a relative density of 0-8. What 
is the maximum permissible length in order that it may float with its axis 
vertical? (London Univ.) 

Ans.—10-6 in. 


(8) A cylindrical buoy is 6 ft. in diameter and 8 ft. high and weighs 1-8 tons. 
Show that it will not float with its axis vertical in sea water. If one end 
of a vertical chain is fastened to the centre of the base, find the pull on the 
chain, in order that the buoy may just float with its axis vertical. (London 
Univ.) 

Ans.—MG = ~ 1:87 ft.; 1-15 tons. 


(9) If a floating body is assumed to roll about a fixed horizontal axis through 
its centre of gravity, prove that the period of rolling in seconds is given by 
T = 2r V k?jgh - 
in which h is the metacentric height, and k is the relevant radius of gyration. 
Find the value of k for a ship which has a period of rolling of 20 sec. The 
displacement is 10,000 tons; the second moment of the load-water-plane 
about its fore and aft axis is 3-5 x 10° ft.4; and the centre of buoyancy is 


8 ft. below the centre of gravity. (Sea water, 64 Ib./ft.*) (London. Univ.) 
Ans.—25:57 ft. 


(10) A log of wood of square section, 14 in. x 14 in., weighing 50 lb. per 
cu. ft., floats in water. One edge is depressed and released, causing the log 
to roll. Estimate the period of a roll. (London Univ.) 

Ans.—4:94 sec. 


(11) Obtain a formula for the metacentric height of a floating body. A 
solid right cone of wood weighing 44 lb. per cu. ft. is required to float in water 
with the axis vertical. Determine the minimum apex angle which will enable 
tho cone to float in stable equilibrium. (London Univ.) i y 

ns,—39°, 


CHAPTER III 


THE FLOW OF A FLUID 


22. Flow of Water. When a liquid is flowing along a passage, 
such as a pipe, it will be subjected to a resistance due to vis- 
cosity, or friction. If the velocity of flow is very small, the 
liquid will flow in lines parallel to the sides of the passage ; 
such a flow is called a streamline flow. If the velocity is large, 
cross-currents or eddies will be formed causing greater resist- 
ance to flow ; such a flow is known as a turbulent or eddy flow. 
Also, the velocity of the liquid is not uniform over the cross- 
section, being slower towards the sides of the passage. In 
engineering problems, however, it is usual to assume the 
velocity to be uniform over the cross-section and equal to the 
mean velocity.* 

Any obstruction in the passage or any change of section or 
direction will interfere with the steady flow. This will cause 
eddies or transverse motions of the particles and, consequently, 
there will be an additional loss of energy due to the friction 
caused by these transverse currents. 

The streamline flow of water may be examined by inserting 
a coloured powder or liquid in the water at certain points of 
the channel and examining the path of the colour bands thus 
formed. 

Consider a pipe of a cross-sectional area of a sq. ft. containing 
water which is flowing with a velocity of v ft. per sec. (Fig. 25); 
the pipe is running full. Consider any section of the pipe ; 
a quantity of water in the shape of a cylinder of length v and 
area a will pass by this section in 1 sec. 

Or, quantity of water flowing = volume of cylinder 

= av cu. ft. per sec. 

23. Flow Through Channels of Varying Section. If water 
is flowing through any channel or pipe, the quantity of water 
passing any transverse section in a given interval of time 
must be equal at all such sections, providing the depth of flow 
at any point remains constant. 


* For viscous flow of a fluid see Chapter XII. 
44 


THE FLOW OF A FLUID 45 


_ Let Fig. 26 represent a tapering pipe through which water 
is flowing. Let the pipe be running full. 


[Z 


a ey, 
ae 
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Let A, = area at section aa 
A, = area at section bb. 
Then, 


quantity of water passing 


section aa per sec. = quantity passing bb per sec. 


Or, A 0, = Ay, 
A, 
Therefore, Vg = VY, 
A, 

a 


Va Ub 

| 

| 

| l 

| l 

l | 

| 
1b 
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24. Work Done in Overcoming Pressure. Let a large tank 
be full of water under a constant pressure of p lb. per sq. ft., 
and let water be forced into the tank through a small pipe of 
cross-sectional area of a sq. ft. (Fig. 27). Let v be the velocity 
in feet per second with which the water is forced through 
the pipe. 

Then, work done per second in __ Force x distance 

forcing water through pipe ) moved per second 


= pa Xv 
But, av = volume of water forced into tank per sec. 


46 
Therefore, work done 


Or, work done 
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p X volume of flow per second 


wH X volume 


== WV I 
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Weight of water per sec. 


Volume of water per sec. 


Work done per sec. 


where W = weight of 
water injected per sccond 


and H = equivalent 
static head in feet of 
water 

EXAMPLE. 


300 gallons of water are 
pumped into a tank per minute 
under a pressure of 20 lb. per 
sq.in. Find the horse-power 
required. | gallon water weighs 


10 lb. 
300 x 10 
50 
OW -802 cu. ft. 


p X volume 


= 20 X 144 x -802 


Horse-power required 


ALTERNATIVE METHOD. 
head in fect of water. 


20 X 144 x -802 
i 550 
4-2. 


Convert the pressure to pressure 


H x 
Then, horse-power = 550 where W = weight of water 
per sec. 3 
; 20 X 144 
Static head = H = f= OE ae ae 46-2 ft. of water 
5 
Horse-power = sacs ato 4-2 
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25. Velocity Head. Consider water flowing from a tank 
under a constant head H (Fig. 28). Let v be the velocity of 
the water in feet per second. Consider a smali quantity of 
water of weight W on the surface at the top of the tank. 
This quantity will have a potential energy of WH. This same 


quantity of water, when issuing through the orifice, may be 
looked upon as having fallen through the height H and con- 
verted its potential energy to kinetic energy. Then, ignoring 
frictional losses, 

Loss of potential energy = gain of kinetic energy 


2 
Or, WH = Ad 
2g 
= y2 
Therefore, Te 39 
Or, v = V2gH 


By making use of these equations, the energy of moving 
water may be given as a static head in feet of water; this 
static head is known as the velocity head. 


ALTERNATIVE PROOF. 
Let p 


Pen p = wi 
Consider the water as being forced out of orifice by pressure p. 


intensity of pressure of water on line zg 


|l 


Let a = area of jet 
W = weight of water issuing per second 
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Work done on water = p X volume of water moved per sec. 
= p X aww 
Work done on water = gain of kinetic energy 
= Wo: 
Or, p x av = 39 
Wr 
Or, wi X av = buh 
2g 
But, - W = wav 
> 
Therefore, H => 
2g 


26. The Total Head of Water. The total head of a particle 
of water at any instant is the sum of its datum head, its velocity 
head, and its pressure head. The datum head is reckoned above 
a convenient datum level. Let Z be the height of particle 
considered above chosen datum level. 


Datum head per lb. of water = Z 
v2 
Telocitv NN 
Velocity: ,, S 7 39 
Pressure ,, X 3 Ke 
w 
Then, total head per lb * aa og e 
en, total head per 1b. = + = + 39 


For any mass of flowing water in which there is a continuous 
connection between all the particles, the total head of each 
particle is the same. This is known as Bernoulli’s theorem 
- and is very important in solving problems dealing with the 
flow of liquids.* 

Consider the vessel in Fig. 29; let the water flow through 
an orifice in the side of the vessel with a velocity v under the 
static head H. mg sis Bernoulli’s theorem to the points A, 
B, and C. 


Total energy at A = total energy at B = total energy at C 
A E Da TE 
Z +” +43 = Z, + eon 2g = Z +2 Ts 


* For the eee of Bernoulli’s equation to gases, see Art. 185. 
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Assuming the line aa to be the datum level, and ignoring 
the atmospheric pressure, which is constant throughout, the 
equations become 


Be ek Pee ete a. 
ei 0 OF 0 ts 
2 
Or, H — Ps ah 
w 2g 


It should be noticed that no account has been taken of any 
frictional losses which may occur between the points chosen. 


Fra. 29 


Any such losses should be added or subtracted from one side 
of the equation. 

As an example, supposing there is a loss of head between B 
and C equal to Aft. of water. Then, 

Pa, Up Po , Vo 
Lys Da A E 

Proor oF BERNOULLT S THEOREM. Consider water flowing 
through the non-uniform pipe of Fig. 30. The pipe is running 
full and under pressure. Consider the volume of water between 
the two sections AA and BB. 

Let Z, p, v, and a be the height above datum, pressure, 
velocity, and area of pipe respectively at section AA. Let 
Zi Py, Vy, and a, be the corresponding values at BB. Let the 
whole quantity of water between AA and BB move to the 
position A’A’, B’B’, the movement being small. 

Let distance between AA and A’A’ = dl 

BB and B'B’ = dl, 


Then, a dl = a,dl, . . : : re (h) 


50 HYDRAULICS 


This movement of the whole quantity of water between AA 
and BB is equivalent to moving the quantity between AA 
and A’A’ to the position between BB and B’B’ ; the remainder 
of the water between A'A’ and BB may then be looked upon 
as stationary 


A] 
l 


Let W = weight of water between AA and A’A’ 
= wad . 3 : : : : al) 
==" A; aly : : ; : , ae ES) 
Work done by pressure at AA = pad 
BB = -p,a,dl, 
Net work done by pressure c= padl- pa dl, 
ere Gy nee Soy = (p-p,)adl (From Eq. 1) 


= a (From Eq. 2) — 
Loss of potential energy = W(Z-Z,) 


Gain of kinetic energy = x (v,? - v?) 
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Then, 


loss of potential energy + work done by pressure = gain of 
kinetic energy 


Thatis W(Z-Z,) + WEP) _F (o_o) 
‘donee Pr v 
Therefore, Vit F + aie ZEE = te 3g 


EXAMPLE. 


Water is flowing down a vertical tapering pipe 6 ft. long. The top of 
the pipe has a diameter of 4 in., the diameter of the bottom of the pipe is 2 in. 
If the quantity of water flowing is 300 gallons per minute, find the difference 
of pressure between the top and bottom ends of the pipe. 


Let v, Pr Z, and a, refer to lower end of pipe. 
V2, Po, Zp, and a, refer to top end of pipe. 


Quantity of water flowing per sec. = ar ios = +802 cu. ft. 
Area of lower end of pipe => 2" == 3° 14-sq. its 
Area of top end of pipe =f x 4% = 12-56sq. in. 
vy, = a, = as = 36-8 ft. per sec, 
Vy = a = 9-2 ft. per sec. 


Applying Bernoulli’s equation to both ends of pipe, and 
taking the datum level through the lower end, 


Dire es Pa Us 
OS A y 
a e APE E 
ucts. y oa 
Bee beer e 6 


w 
= 13-79 ft. of water 


13:79 XxX 62-4 
Or, Pic Pi 144 


== 5-97 lb. per sq. in. 
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27. The Venturi Meter. A practical application of Bernoulli’s 
theorem is found in the Venturi meter*, an instrument for 
measuring the quantity of water flowing through a pipe. The 
meter, in its simplest form, consists of a short length of pipe, 
tapering to a narrow throat in the middle (Fig. 31). Tubes 
enter the pipe at the enlarged end and at the throat, by means 
of which the pressure of the water at these sections may be 
measured. Piezometer tubes may be used, or the tubes may 


Fig. 31 
be connected to a U-tube. As the water flows through the 
meter the velocity will increase at the throat owing to the 
reduction of area ; consequently the pressure will be reduced. 
This reduction of pressure is measured by means of the piezo- 
meter tubes. Then, by applying Bernoulli’s equation to the 
enlarged end and to the throat, the quantity of water flowing 

may be calculated. 

Let H = difference of pressure head in feet of water in the 

piezometer tubes 


a, = area of enlarged end in square feet 
a, = area of throat in square feet 
q = quantity of water flowing in cubic feet per second 
v, = velocity of water at enlarged end 
v, = velocity of water at throat 
Then, g = aY — aby 
Therefore, = vy a : i ` ; ECE 
1 


* For a description of an actual Venturi meter see Art. 149. For flow of 
gas through a Venturi meter see Art. 195. 
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Applying Bernoulli’s equation, and assuming the meter to 
be horizontal, 


w 2g Tw i 2g 
Or, A Cats 
ow w 2g 2 
But, Pr_ Pa __ H 
wow 
Therefore, [2 pat EA. 
2g 


Substituting for v, from Kg. 1, 


PES I 
Laz 2g (1 m) 
Theref N T 
erefore, = ~. 
$ Vay? — a? 2g 
q = AV 
a,a = 
= v : : 2 V 2g VH 


Ala o 
But, a V 29 is a constant for any one meter; let 
ay — a, 


this constant equal c. 
Then, f= cVH . 5 : ; Im (2) 


In this case H is the theoretical head, as no frictional losses 
have been taken into account. In practice it is found that 
there is a loss of head in the meter between the enlarged end 
and the throat ; consequently the water will not rise so high 
in the pressure tube at the throat. This means that a larger 
difference of head will be measured. In order to allow for 
this, a coefficient k is introduced into the equation, the 
magnitude of & being found experimentally. 


Let h = difference of head, in feet of water, actually 
measured 


Then, q=kceVh. . ; WTA {3) 
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But, q= cVH 

Therefore, kc Vh=cVH 

From which, k = oe 5 : : 2 : . (4) 
The actual head measured, h, is known as the Venturi head. 


In the converging cone of the meter, h will be larger than H ; 
then k will be less than unity. An average value of k is -97. 


Fie. 32 


The loss of head in the meter will be partly due to friction 
and partly due to shock caused by a change of section ; con- 
sequently, k will not be truly a constant for all velocities ; 
but the variation is slight. 

The Venturi meter is not accurate for very low velocities on 
account of the variation of k. 

lt will be noticed that there is a limit to the ratio of the 
diameters of the throat and enlarged end. The larger this 
ratio is, the smaller will be the pressure in the throat ; if the 
pressure in the throat falls below 8ft. of water absolute, 
dissolved gases and vapour will be given off from the water ; 
this will interfere with the flow (Art. 2). Hence, the limiting 
ratio of the diameters is reached when the throat pressure is 
approximately 8 ft. of water absolute. 

The coefficient k will have a different value for the converging 
and diverging cones of the meter. In the converging cone the 
theoretical head is less than the actual head; whilst in the 
diverging cone the theoretical head is greater than the actual 
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head. Consider the Venturi meter shown in Fig. 32; let 
pressure tubes be fitted at both enlarged ends and throat. 
Assume the water is flowing from left to right. 


Let h, = head lost in converging cone 
h’, = head lost in diverging cone 
H’ = theoretical difference of head in diverging cone 
h’ = actual difference of head in diverging cone. 


Let the water level at the left enlarged end be at a. Then, 
if there were no losses in the meter, the water level at the right 
enlarged end would be at the same level d. The friction loss 
in the converging cone reduces this water level to e; whilst 
the frictional loss in the diverging cone further reduces the 
level to f. 

Referring to the converging cone only, from Equation (4) 


2 


H = kh 
But, h, = h- H 
Therefore, h, = h(l- k?) . : ; mS) 


Referring to the diverging cone, let k’ be the coefficient of the 
diverging cone. Then, if there were no frictional loss in this 
cone, the water level at the enlarged end would rise to e; the 
theoretical difference of head between this section and the 
throat would then be the height eg. But owing to the frictional 
loss the water level only reaches f. Then the difference of 
head actually measured is fg. 


Then, quantity flowing = cVH' = k'e h 
Therefore, Ns hagas eas : ; (G) 
But, . h', = H'=h’ 
Therefore, h’, = h'(k’2-1) a a A 
Also, from Fig. 32, 

fg = dg-df 
Or, h’ = h-h,-h’, = 


It will be noticed that k’ is greater than unity. 


EXAMPLE 1. 


State and prove Bernoulli’s theorem. The difference of head registered in 
the two limbs of a mercury gauge, with water above the mercury, connected 
to a Venturi meter was 7in. The diameter of the pipe and the throat of 
the meter are 6 in. and 3 in. respectively. The coefficient of the meter is -97. 
Find the discharge through the meter. (London Univ.) 


3 —(T.5167) 
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7(13-6- 1 
Difference of head in feet of water = ( 12 (Art. 7) 
== [oo 4b 5 
T 
are (5) 
T 
Ag = 4 (-25)? 


Vat ae £4 4/ -0625 — -0039 


Quantity = keVh _ (Eq. 3) 
= 97 x 407 V7-35 
= 1-07 cu. ft. per sec. 


EXAMPLE 2. 


Show that in a Venturi meter the quantity of water passing through the 
meter will only be proportional to the root of the “‘ Venturi head ” if the 
head lost in friction is proportional to the head lost due to increased velocity. 

A Venturi meter placed in a 3 in. diameter pipe has a throat diameter of 
lin. The constant of the meter is -97. Determine the number of cubic feet 
passing per minute when the Venturi head is 16-2 in. of water. 

If the frictional loss in the diverging cone is double that in the converging 
cone, find the total head lost in the meter due to friction when the water is 
passing at the above rate. (London Univ.) 


This question assumes that the whole of the heed lost in 
the meter is-due to friction. 
The coefficient k can only be a constant if h, oc H ; because 


k = Jes (From Eq. 4) 
Also, h = H + h; 
Let h, = mH where m is a constant 
PVEN E 
Then, eee | See 
en ‘(== Jan a constant 
a, a = 
Quantity per sec. = k PE V 2g J 
= ae 
4 \ 144 ^16 
a l l 3) 
256 20,700) 


= ‘97 X 0055 x 8-02 X 1:16 = -0496 cu. ft. 
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Quantity per min. = -0496 x 60 = 2-98 cu. ft. 
From Eq. (5), h,= h (1 - k?) 
salty 972) -078 ft. 
12 
Head lost in diverging cone = 2 X -078 = -156 ft. 
Total head lost = 078 + -156 
N == 234 ft. 


28. Horse-power of Jet of Water. The horse-power of a jet 
of water may be obtained by dividing the kinetic energy of 
the jet per second by 550. 


Let a = area of cross-section of jet in square feet 
v = velocity of jet in feet per second 
W = weight of water flowing per second 


= wav 
HA ; Wo? 
Then, kinetic energy of jet = A ft. lb. per sec. 


Wr? 


Horse-power = Bp B60 


an wav? 
~ 2g 550 


EXAMPLE. 


A jet of water has a velocity of 20 ft. per sec. If the diameter of the Jet 
is 2 in., find the horse-power. 


m 2 
4144 
— -0218 sq. ft. 
wav? 
= 99 550 
62-4 x -0218 x 208 
64-4 X 550 
= 308 


29. The Radial Flow of Water. Consider water flowing 
radially between two horizontal circular flat plates placed 


Area of jet = 


Horse-power 
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parallel with a small distance between them (Fig. 33). The 
space between the plates is full of water. Let the water flow 
up a central pipe and then flow radially outwards between the 
plates. The outside of the plates is open to the atmosphere, 
so that the water will be discharged at atmospheric pressure. 


Let v, = velocity of water in pipe 
Po = absolute pressure of water in pipe 
a, = area of cross-section of pipe 
Pa = pressure of atmosphere 
Va = velocity of water when leaving plates 


As the water flows between the plates radially outwards, 
the area of flow will increase; therefore, the velocity will 
decrease. This will cause an increase in pressure. 

Consider the total energy of the water at A, just inside the 
pipe, and at B which is at the outer edge of the plates. 

Let kR = radius of plates at B 
and t = distance between the plates 

Then, 

Energy at A = Energy at B 
Po Vo 2 Pe i %e 
OW. 29 w ned 
where H is a constant. 
AS Po, Vo, and Pa are known, this equation will give va 


Consider any point X at a radius of x from the centre of 
the plates. Let v, be velocity of water at this point and p, 
the pressure. Then, as quantity of water flowing is a constant 
at all sections, 


0, X nhi = 0, X mal 


R ; 
Or, Oy Un ; } ; ; com ah.) 
Also, total energy at X = H 
Pa | Ma 
= oon 29 
Substituting from Kq. (1), 
D v2 R? 


=H e e E 
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Thus, the pressure at any point varies with the square 
of the radius at that point and will increase towards the outer 
edge, the increase following a parabolic law. If the pressure 


Fie. 33 


at any radius is plotted as shown in Fig. 33, the parabolic 
curve thus obtained is known as Barlow’s curve. 

Having found the intensity of pressure at any radius, the 
total static pressure on the plate may be obtained by finding 
an equation for the pressure on a thin ring and integrating 
between the required limits. 


Let r = radius of pipe. 
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Consider the pressure at X on a thin ring of thickness dz. 
From Equation (2), 


Une 
where the constant k = “2g 
Area of ring = lr ade 
Total: pressure on ring = p, 27x dx 


= an wo(H- 5) 0 da 
a 


Total static pressure due to x hk 
water on upper plate — eae [ E x dat — da | + ponr? 


2 ‘TR 
= Drw [5 - k log, z| + porr? 


= 2mo fS (Rè-r)- klog, =} + porr? 
(3) 


This is the total upward absolute static pressure. If the 
atmosphere is pressing on the outside of the plate, the net 
static pressure will be the total atmospheric pressure on the 
plate minus the above water pressure. 


Tota] atmospheric pressure on plate = Pa m R? 


It will be noticed that the dynamic force due to the entering 
water has not been included. 

The principle is made use of in the nozzles of fire hydrants 
in order to produce an even distribution of flow. 

The same reasoning will hold when the water is flowing 
radially inwards, passing away down the centre pipe. 


EXAMPLE. 


Water flows radially outwards between two horizontal disces which are 
$in. apart and 12 in. diameter. The water enters at the centre of the lower 
disc through a 2 in. diameter pipe, with a velocity of 20 ft. per sec. Find the 
pressure of the water in this pipe if the pressure at the outer edge of the discs 
is atmospheric. Find also the resultant static pressure on the upper disc. 
Neglect the dynamic force of the entering water. 
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Using the notation of Fig. 33, 


= ——> = 3:33 ft. per sec. 


Applying Bernoulli’s equation, 


Po Vo Pa | Ya 
wh Og + 


w 2g 
Pew 3:332 202 
w ar 64:4 64-4 


= 28 ft. of water (absolute) 
Let Hee 4 #54 4 173 = 34-173 
St Phe a = 


2 R2 
Also an = = +173 x -B8= -0432 


Using Eq. (3), 
Total upward pressure on plate 


34173 /, 1 N 
== 27W oa 5 ~ [92 — -0432 log, 6f +porr 
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= 27 62-4} (17-086 x -243) — (0432 x 2-303 xX :778)} + 12-17 


= 1598 + 38 
= 1636 Ib: 
2 a re 
= 14:7 x 3 X 67 = 1660 Ib. 
Net pressure on plate = 1660 — 1636 
= dl. 


30. Centrifugal Head Impressed on Revolving Liquid. A 
rotating fluid is called a vortex.* If the fluid is rotating freely 
without any external forces being impressed upon it, it is 
- called a free vortex. An example of a free vortex is the 
whirlpool formed in the emptying of a wash basin having a 


* For further work on vortices see Art. 234. 
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central drain. If the fluid is rotated by an external force the 
vortex is termed a forced vortex. A forced vortex will have 
a centrifugal head impressed on the liquid, caused by its 
rotation. 
Referring to Fig. 34, imagine an arm containing water to be 
! rotatingin a horizontal 
| plane about the centre 


| io dx O and with an angular 
<| U eee ee 
a = arm be full of water 
poe _Rz $ between a radius of R, 


and R, and let the 
| ey cross-sectional area of 
: the arm be a. 
Consider a small section of the water of thickness dæ and at 
a radius of x. 
Then, volume of small section of water = a dg 
weight P A a = ak 


(wa dz) 2 
g 


Total centrifugal force impressed on whole | if ay adir , 
= ——-w* x 
Ry 


. Centrifugal force acting on water considered = 


of rotating water 


g 
w a w? | Ji 
= T 
2g Ry 
waw? 
= 2g (R,?-f,?) 
Let v,= tangential velocity at radius of R, 
and v= Y x a R, 


Then, total centrifugal force impressed = DS (v — v,7) 
g 


since v, =o R, and va = w R, 


Intensity of pressure at end of arm 
due to centrifugal force 


Centrifugal head impressed = 
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Thus, the centrifugal head impressed on a revolving fluid 
is the difference between the tangential velocity heads. 

This is the principle of the centrifugal pump, which obtains 
its lifting power from this head. 

Alternative Proof. A more general proof for the centrifugal 
head impressed on revolving liquid may be obtained by con- 


Fig. 35 


sidering the annular ring of liquid revolving with an angular 
velocity w (Fig. 35). Let R, and R, be the internal and 
external radii, and consider a thin ring of the liquid of radius 
x and thickness dz. Consider a portion of this thin ring sub- 
tending a small angle d0 at the centre and let p be the intensity 
of pressure on the inside of the element, due to the centri- 
fugal force. Then the centrifugal pressure will increase by 
dp over the thickness of the ring dx. Consider the whole 
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annular ring to be of unit thickness in the plane of the paper ; 
then, 


area of inside of element = 2 d6 
area of outside element = (x + dx)dé 
area of sides of element = dg 
intensity of pressure on outside of element = p + dp 
DEY ; acap 
intensity of pressure on sides of element = p + D 
Weight of element = w(x d0)dx 

d 2 
Centrifugal force on element = oeddet Ve 


Consider the enlarged view of element (Fig. 35) ; the normal 
forces due to the pressure of the liquid are shown in the figure. 
These, together with the centrifugal force, keep the element in 
equilibrium. Hence, by resolving radially, the required 
equation may be obtained. 

Resolving radially, and assuming the sine of a small angle to 
be equal to the angle in radians, 


wa db w?x dx 


g 


Dividing throughout by d@, and ignoring all small quantities 
of the second order, 


-p x d0- 2(p + 2) aeF + (+ dp) ) (w + dex) d0 = 


w w? x dx 


dp = 
Z g 


Integrating between R, and R,, 


Re 
2 
Centrifugal intensity of pressure = Hs dp = af oes 


g 
RI 
w w? 
=s -2g (R? = Ria) 
Then centrifugal head = pa os (R2 - R,?) 
’ w 2g 2 1 

Or, as v, = w R, and v, = o R,, 

Sees 


centrifugal head = ee oF 
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EXAMPLE. 
Water enters a revolving turbine wheel at the centre and flows through the 
wheel in a radial direction. The wheel is running full. If the inlet radius of 


the wheel is 2 ft. and the outlet radius 3-5 ft., find the centrifugal head 
impressed on the water when the wheel is running at 300 revs. per min. 


Velocity of wheel at inlet = v, = 272 x —~ 


= 62:8 ft. per sec. 


Velocity of wheel at outlet = v, = 62:8 x = 


= 110 ft. per sec. 
fear 
S 


110? — 62-82 
64-4 


Centrifugal head 


= 126-7 ft. of water. 


31. Revolving Cylinder of Liquid. Consider a cylinder con- 
taining a liquid to be revolved about a vertical axis OC (Fig. 36). 
The surface of the liquid will take the shape of a paraboloid as 
shown. This is another example of a forced vortex. 

Consider a small particle of the liquid at the point A on the 
surface. Let W be the weight of the particle. It will be in 
equilibrium under the action of three forces: the weight, the 
centrifugal force, and the pressure. 


Let œw = angular velocity of cylinder 


x = radius of particle 
: W 
Centrifugal force on particle = ma 2 


The centrifugal force will act horizontally outwards, and the 
weight vertically downwards. The resultant of these two will 
be opposed by the pressure of the fluid. As the latter must act 
normal to the surface, it follows that a tangent to the surface 
at A will be at right angles to the resultant of the centrifugal 
force and the weight. 
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It follows from Fig. 36 that 
EF_ W 
U 


g 


(Similar triangles) 


Theretore, EF Ns 


2 
and is, therefore, a constant. 


| Fie. 36 
As EF is the subnormal of the liquid surface, the shape of 
the surface is a paraboloid. 

Consider the liquid at B. 
Let R = radius at B 

0 = angle of inclination of surface at B to vertical 

h = height of paraboloid 
Consider the similar triangles BDG and BOC, 

BD BO 


DG 0C 
W E 

; w?R $ 

as OC will be twice the height of the paraboloid. 


Or, 
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Therefore, 
‘ w? R2 
ap 
~ 2g 


where v is the tangential velocity at the point B. 

_ It will be noticed that Aisa direct function of the square of the 
speed of rotation. This is made use of in a type of speedometer 
used in engine testing. A cylindrical glass vessel containing 
a liquid is rotated by the engine, the speed of which can be 
estimated by the height h of the paraboloid formed in the 
vessel. 


EXAMPLE 1. 


In order to measure the speed of a steam engine during a test, a glass 
cylinder containing oil is rotated on a vertical axis by the engine and is geared 
at twice the speed. If the paraboloid formed by the rotating liquid is 3 in. 
high, with a maximum radius of 14 in., find the number of revolutions per 
minute made by the engine at that instant. 


Using Equation (1), 


w? Rå 
h — 
2g 
Th 1 WE ENE 
a 4° 64-4\8 
Therefore, w = 32-12 radians per sec. 
Speed of cylinder = m= 
2°12 
= = = 5-11 revs. per sec. 
5-11 x 60 
Sperdeot-engine: == = 153-3 revs. per min. 
EXAMPLE 2. 


A closed cylinder, 12 in. diameter and 0-1 in. deep, is completely filled with 
water. Itis rotated about its axis, which is vertical, at 240 r.p.m. Calculate 
the total pressure of the water on each end. (A.M. Inst. C.E.) 
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Consider a vertical thin hollow cylinder of water of radius 
x and thickness dz. 
From Equation (1), 
: í wx? 
centrifugal head on thin cylinder = oy 
hence, intensity of pressure at radius x = p, = wh 
w wx? 
a 
Although this centrifugal pressure is horizontal it will also 
act vertically on top and bottom of the cylinder, as the pressure 
of water is transmitted in all directions. 
Let R = radius of cylinder in question. 
Then, total vertical pressure on top or bottom of cylinder 
due to centrifugal pressure 


= Ji Po X orni 
ý R 
wwwx? 
= X 2a dx 
2g 
o 
P 
2Qrw2a3 dæ w 
2g 
oO 


Tw?’ ktw 
4g 
mr(2ar4)? (3)* 
Hence, total pressure on top of cylinder = 60-9 Ib. 


Total pressure on bottom of cylinder 


| 


= centrifugal pressure + weight of water 
= 60:9 + (mk? x depth x w) 
= 60-9 + (624 x (4)? X z) 


= 60-9 + -408 
= 61-308 lb. 


32. Flow of Gases under Constant Head. The velocity with 
which a gas will flow from one chamber to another may be 
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obtained in the same manner as for a liquid, providing the 
density in each chamber remains constant. 

Let a gas flow from a chamber A through an orifice or pipe 
into a chamber B. Let the pressure in A remain constant 
and equal p, lb. per sq.in. Let the pressure in B also remain 
constant and equal p, lb. per sq.in. Then p, must be greater 
than Ppa Assume there is no change of temperature. Let w, 
be the density of the gas in A in pounds per cubic foot. 

_ The head causing flow will be due to the difference of pressure 
in A and B. This head may be expressed as an equivalent 
static head in feet of gas under the same condition as the 


gasin A. 
(Pı — Pa) 144 
Ww, 


It should be noticed that such a head of gas could not 
. actually exist under a constant density. 

Velocity of gas = V29H, 

If the gas being dealt with is atmospheric air, the barometer 
reading and temperature must be known in order to convert 
the standard density to the density under the required con- 
ditions. The density of air at 0°C. and 14:7 lb. per sq. in. 
may be taken as -081 lb. per cu. ft. This should be converted 
to the required density by the law of gases 

pv 


— = constant, 
T a con 


where T is the absolute temperature. 

33. The Pitot Tube. The Pitot tube is an instrument by 
which the velocity head of a flowing liquid may be measured. 
In its simplest form, it consists of a glass tube with the lower 
end bent through 90° (Fig. 37). It is placed in the moving 
liquid with the lower opening facing the direction of motion. 
The liquid flows up the tube until all its kinetic energy is 
converted to potential energy ; the velocity of the liquid may 
then be estimated by the height of the liquid in the tube. 

This instrument is often used for measuring the velocity 
of rivers. 

Let h = height of liquid in tube above surface 


H = depth of tube in liquid 
v = velocity of liquid 


Equivalent static head = H, = 
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Applying Bernoulli’s equation to the points A and B, 
which are just outside and inside the mouth of the tube 
respectively, 


total energy at A = total energy at B 


on 
VERE |e edal + 95 
y2 
Therefore, hi 3g 
In practice, this is usually multiplied by a coefficient k ; 
then kv? 
~ 2g 


In well-formed instruments, k is equal to unity. 


Attempts have been 
made to deduce the value 
of h by considering the 
total force at B as equal 
to the rate of change of 
momentum; but this 
method gives results 
twice too high. This 
method obviously cannot 
be used, as there is 
a cone of still liquid 
in front of B which de- 
viates the moving liquid 
from its sloping sides. 
This reduces the pres- 
sure on the tube, just 
as the windward side of a structure or building does not get 
the full force of the wind. ; 

One type of Pitot tube consists of two tubes, one bent at 
the base, as in Fig. 37, and facing towards the motion of the 
water, and one straight tube open at the top end with a hole 
in the lower end parallel to the direction of motion. The 
velocity head is the difference of water level in the two 
tubes. The object of this is to eliminate any losses due to 
the tube. 

If the Pitot tube is faced downstream, the water level in 
the tube is depressed by the amount h. 


Bria. 37 
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_ A view of an actual Pitot tube is shown in Fig. 38; this 
is known as the Amsler Hydrometrical Tube. It consists of 


two vertical tubes each having the lower end bent 
at right angles, one to point up-stream against the 
current, the other to point down-stream with the 
current; both lower ends are tapered to a fine 
nozzle. The water level in the tube facing down- 
stream is depressed by the amount h. In order to read 
the height of the water columns in the tubes a small 
hand pump is fitted at the top of the instrument, by 
means of which the water columns can be sucked up 
to any convenient height. The upper parts of the 
tubes are of glass and are fitted with a sliding 
graduated scale. 

The difference of water level in the two tubes is 
proportional to the velocity head of the current. Let 
h, be the reading of the up-stream tube and h, be 
the reading of the down-stream tube. 


Then, v = Vh =h, 
where c is the constant of the instrument. 


EXAMPLE 1. 


The following observations were made for the purpose of 
calibrating a Pitot tube— 


V = velocity 
of fluid | 1-86 | 2-96 | 4-20 | 6-47 7-97 | ft. per sec. 


H= head -756 | 1-72 | 3-50 | 9-12 | 14-40 | in. of water 


Plot V against \/ H and determine the mean value of the con- 
stant for the tube. (London Univ.) 


The values of V and VH are shown plotted in 
Fig. 39, and a straight line is drawn a mean through 
the points. This line will pass through the origin 
as VY = 0 when H = 0. 


Let c = constant for the meter 
Then, V= o yri 
Thoref aa 

orefore, c= Fi 


Fie. 38.—AMSLER 
HyDROMETRICAL 
TUBE 
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Using the values of V and VH at the point B (Fig. 39), 


8 
c =gq = 2162 
Then, V = 2162 VH 


where H is the measured head in inches. 


EXAMPLE 2. 


The velocity of water in a pipe was measured with a Pitot tube consisting of 
one tube with orifice facing the direction of flow and the other orifice per- 
pendicular to the first orifice. The difference of head at the centre of pipe 
was 3-5 in. of water. If the mean velocity of the water is two-thirds the 
velocity at the centre, find the quantity of water flowing per minute. The 
diameter of the pipe is 10in. Take the coefficient of the Pitot tube as unity. 


Area of pipe _ =>, = -545 sq. ft. 


Velocity at centre of pipe = k V2gh 


= 4-33 ft. per sec. 
Mean velocity in pipe =e res 
: = 2-885 ft. per sec. 
Quantity flowing per min. = 2-885 x 60 x -545 
= 94-3 cu. ft. 
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EXAMPLES 3. 


(1) Find the work done in forcing 50 gallons of water into a boiler in which 
the pressure is 180 lb. per sq. in. gauge. If this work is done in 5 min., what 
is the horse-power expended ? 

Ans.—208,000-ft. lb. 1-26 h.p. 


(2) Water is flowing along a pipe with a velocity of 24 ft. per sec. Express 
this as velocity head in feet of water. What is the corresponding pressure 
in pounds per square inch ? 

Ans.—8-95 ft. 3:88 lb. 


(3) Water at an altitude of 120 ft. above sea-level has a velocity of 16 ft. 
per sec. and a pressure of 60 lb. per sq. in. Give the total energy of 1 lb. of 
this water reckoned above sea-level. 

Ans.—262-58 ft. lb. 


(4) A pipe 1,000 ft. long has a slope of 1 in 100 and tapers from 4 ft. 
diameter at the high end to 2 ft. diameter at the low. The quantity of water 
flowing is 1,200 gallons per minute. If the pressure at the high end is 10 lb. 
per sq. in., find the pressure at the low end. Neglect friction. 


Ans.—14-25 lb. per sq. in. 


(5) Water flows from a supply tank into a chamber in which the pressure 
is 10 lb. per sq. in. vacuum. If the level of the water in the supply tank is 
20 ft. above the vacuum chamber, find the velocity of the entering water. 


Ans.—52:-6 ft. per sec. 


(6) A Venturi meter has an enlarged end of 2 sq. ft. area and a throat area 
of -25 sq. ft. The coefficient of the meter is -97. If the Venturi head is 
9 in. of water, find the quantity of water flowing. 

Ans.—1-695 cu. ft. per sec. 


(7) A jet of water l in. diameter has a velocity of 60 ft. per sec. Find the 


horse-power of the jet. 
Ans.—2-07. 


(8) Two horizontal circular discs of 8 in. diameter are lin. apart. Water 
flows between the discs radially towards the centre and leaves by a vertical 
pipe of 1 in. diameter situated at the centre of the lower disc. If the pressure 
of the entering water is 14-7 lb. per sq. in., find the pressure inside the vertical 
pipe when the water is flowing at the rate of 40 gallons per minute. Find, also, 
the intensity of pressure of the water between the discs at a radius of 2 in. 


Ans.—12-12 lb. per sq. in. 14-6924 lb. per sq. in. 


(9) A cylindrical arm full of water is rotated in a horizontal plane at 
109 rev. per min. about one end. The arm is 2 ft. long and its diameter is 
2in. Find the centrifugal head impressed on the water and the total pressure 


on the outer end of the arm. 
Ans.—6:81 ft. of water. 9-28 lb. 


(10) The air supply to a gas engine is measured by drawing the air into a 
large chamber through a small orifice. If the difference of pressure between 
the outside air and the air in the chamber is 16 in. of water, find the velocity 
with which the air flows through the orifice. Temperature of atmosphere is 
18° C., reading of barometer is 29 in. of mercury. Weight of 1 cu. ft. of air 


at 0° C. and a pressure of 30 in. of mercury is -081 lb. 
Ans.—270 ft. per sec. 
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(11) A Pitot tube was placed in the centre of a pipe 8 in. diameter with 
one orifice facing the stream and the other perpendiculartoit. The difference 
of pressure on the two orifices as measured by an air gauge was 1% in. of 
water. The coefficient of the tube was unity. Taking the mean velocity 
of the water in the pipe to be -83 of the maximum velocity, find the discharge 
through the pipe. (London Univ.) 

Ans.—-822 cu. ft. per sec. 


(12) State Bernoulli’s theorem for stream line flow of a liquid and give an 
elementary proof of the theorem. 

A portion of a pipe for conveying water is vertical and the diameter of the 
upper part of the pipe is 2 in., and the section is gradually reduced to 1 in. 
diameter at the lower part. A pressure gauge is inserted where the diameter 
is 2 in., and a second gauge is placed 6 ft. below the first and where the pipe is 
lin. diameter. When the quantity of water flowing up through the pipe is 
6-85 cu. ft. per min., the gauges show a pressure difference of 4-5 lb. per sq. in. 
Assuming that the frictional losses vary as the square of the velocity, deter- 
mine the quantity of water passing through the pipe when the two gauges 
show no pressure difference and the water is flowing downwards. (London 
Univ.) 

Ans.—4-05 cu. ft. per min. 


(13) Find, from Bernoulli’s theorem, an expression for the theoretical 
discharge of a horizontal Venturi meter. State how the actual discharge 
compares with the theoretical. A Venturi meter tapers from 12 in. diameter 
at the entrance to 4in. diameter at the throat, and the discharge coefficient 
is -98. The difference of pressure between entrance and throat is 2-2 in. of 
mercury. Calculate the discharge in gallons per minute. (London Univ.) 

Ans.—409 gallons per minute. 


(14) A vertical pipe of radius r, in. is fitted at the outlet end with a flange 
of radius r,in. A disc of the same diameter r, is placed above the flange, and 
separated from it by a narrow gap. Water from the pipe flows radially 
between them and is discharged into the atmosphere. Neglecting friction, 
find general expressions for the pressure between the surfaces at any radius, 
and for the resultant inward force on the disc. Sketch the curve of pressure 
distribution. (London Univ.) 


(15) A Venturi has an entrance diameter of 6 in. and a throat diameter of 
2in. Pipes from the entrance and throat lead water to the limbs of a 
U-tube containing mercury, and the difference of pressure at these two 
places in the meter is thus recorded by a difference of mercury level. If the 
coefficient of the meter is -96 draw a curve showing a relation between 
gallons of water passing through the meter per minute and the difference 
of mercury level over a range 0 to 15in. (London Univ.)! 


(16) Give a proof of Bernoulli’s theorem and show how this is used to 
determine the discharge from a Venturi meter. (A.M.I. Mech. E.) 


(17). A conical tube is fixed vertically with its smaller end upwards, and 
forms part of a pipe line. The velocity at the smaller end is 15 ft. per sec., 
and at the larger end 5 ft. per sec., the tube is 5 ft. long; the pressure at the 
upper end is equivalent to a head of 10 ft. ; the loss in the tube expressed in 
feet head is given by 


where v, = 15 and v, = 5. 
Determine the pressure at the lower end of the tube. (A.M.I. Mech. E.). 
Ans.—17-64 ft. of water. 
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(18) Explain the theory of the Pitot tube and obtain an expression for the 
velocity in terms of the observed difference of level of the liquid, of specific 
gravity S, in the U-tube connected to the up- and down-stream orifices 
immersed in flowing water. 

If the difference of level is 1-2 ft., the specific gravity of the liquid 1-25, and 
the calibration coefficient for the orifices -865, what is the velocity in feet per 
second ? (A.M.I. Civil E.) 

Ans.—2-68. 


(19) A Venturi contraction is introduced in a 30 in. diameter horizontal 
pipe. The area of the pipe is six times that of the throat. The upper end 
of a vertical cylinder 12 in. in diameter is connected by a pipe to the throat 
and the lower end to the beginning of the convergence. Neglecting friction 
losses, and the thickness of the piston in the cylinder, determine the flow 
through the pipe in cusecs at which the piston begins to rise when the gross 
effective load—piston, piston rod, and external weight—on the piston rod 
is 450 ìb. The piston rod is 14 in. diameter, and passes through both ends of 
the cylinder. (A.M.I. Civil E.) 

Ans.-—20°4. 


(20) State Bernouilli’s Theorem. The diameter of a pipe changes 
gradually from 6in. at a point A, 20 ft. above datum, to 3in. at B, 10 ft. 
above datum. The pressure at A is 15]b. per sq. in., and the velocity of 
flow 12ft. per sec. Neglecting losses between A and B, determine the 
pressure at B. (A.M.I. Mech. E.) 

; Ans.—4:82 lb. per sq. in. 


(21) A closed vertical cylinder of 3 ft. internal diameter is filled with water 
and rotates about its axis at 950 revs. per min. Neglecting the effect of the 
shaft, find the total pressure of the water against the top of the cylinder. 
(London Univ.) 

Ans.—76,500 lb. 


(22) A Pitot tube used to measure the air flow in a duct 2 ft. in diameter 
gave the following readings— 


Distance across 
duct, inches . (0) 0-25 | 0-50 | 1-00 | 2-00 | 3-6 | 6-0 |90 | 12-0 


Pitot head, inches 
of water. z 0 0-24 | 0-40 | 0-59 | 0-82 | 1-05 | 1-25 | 1-44 | 1-58 
| 


Find the air flow in lb. per sec. Weight of air = 0-078 lb. per cu. ft. (I. 
Mech. E.) - 


Ans.—1-035 lb. per cu. ft. 


(23) A forced-draught fan takes hot flue gas of density 0-047 lb. per cu. ft. 
from a boiler flue and delivers it to a second flue 15 ft. above the first. A 
draught gauge 10 ft. above the first flue and connected to it by a length of 
cold pipe reads 1:8 in. of water suction. Another gauge directly mounted 
upon the higher flue gives the suction there as 0:5 in. of water. Find the 
work done by the fan per pound of flue gas.. Neglect any change of speed. 


(I. Mech. E.) 
Ans.—432 ft. lb. 


CHAPTER IV 
ORIFICES AND MOUTHPIECES 


34. Flow Through Orifices. Supposing a tank containing water 
were to have a hole made in the side or base through which 
the water would flow, such a hole is termed an orifice, and the 
quantity of water which would flow through this orifice in a 
given time would partly depend on the shape, size, and form 
of the orifice. There would be a certain amount of frictional 
resistance at the sides of the orifice ; this may be reduced by 
making them sharp-edged. 
The jet of water, in passing 
through the orifice, will 
contract in area, which will 
further reduce the rate of 
discharge. This contraction 
of area is caused by the 
water in the tank around 
the sides of the orifice, 
which, in’ flowing to the 
orifice, will have a motion 
parallel to it and perpen- 
Fie. 40 dicular to that of the jet 
(Fig. 40). The velocity 
in this direction is destroyed on reaching the orifice; this 
causes a lateral force on the jet and a consequent reduction of 
area. The contraction of area will depend on the shape and 
size of the orifice and on the head causing flow. 

The section of the jet at which the stream lines first become 
parallel is known as the vena contracta. This section is the 
line aa in Fig. 40. The velocity at the vena contracta has 
reached its maximum and there will be no further contraction 
of the jet beyond this section.* ` 

35. The Coefficient of Contraction. The ratio between the 
area of the jet at the vena contracta and the area of the orifice 
is known as the coefficient of contraction. ; 


Let ' C, = coefficient of contraction 


area of jet at vena c 
su peer J ontracta 
area of orifice 
* For the flow of gas through an orifice see Art. 196. 
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This coefficient varies slightly with the head and with the 
size and shape of the orifice. An average value for small, 
sharp-edged orifices is -64. A 
` The coefficient of contraction may be found experimentally by 
direct measurement of the area of jet at the vena contracta. 
This may be done with the instrument shown in Fig. 41. 
It consists of a small collar or ring having four radial screws, 
equally spaced. The ring is held 
at the vena contracta so that 
the jet passes through its centre. 
The screws are then adjusted 
until all their points are in con- 
tact with the surface of the jet. c7 
The instrument is then removed | 
and the space between the screw 
points measured. Micrometer 
screws may be used. 

This method is not very satis- 
factory in practice as the section 
of the jet is not absolutely 
regular; also, it is difficult to 
adjust the instrument so that all four screws are just in 
contact with the surface simultaneously. 

A more accurate method of finding C. is given in Art. 37. 


36. The Coefficient of Velocity. The ratio between the 
theoretical velocity and the actual velocity of the jet at the 
vena contracta is known as the coefficient of velocity. 

Let C, = coefficient of velocity 
actual velocity at vena contracta 

theoretical velocity 


hen, O = 


Let H = head causing flow 


v = actual velocity 
v 
Th 9 (Oe => 
en Vigil 


Or, v = 0,V29H 


The difference between the theoretical and actual velocities 
is due to friction at the orifice and is very small for sharp- 
edged orifices. The coefficient of velocity will vary slightly 
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for different orifices, depending on the shape and size of the 
_ orifice and on the head. An average value for C, is about -97. 

The coefficient C, may be found experimentally for a vertical 
orifice by measuring the horizontal and vertical co-ordinates 
of the issuing jet. 

Consider the tank in Fig. 42. 

Let H = height of water in feet above centre of orifice 

aa = vena contracta 


Fra. 42 


The jet of water has a horizontal velocity of v but is acted 
upon by gravity with a downward acceleration of g. Consider 
a particle of water in the jet at P and let the time taken for 
this particle to move from aa to P be t sec. 


Let x = horizontal co-ordinate of P from aa in ft. 
= vertical co-ordinate of P from aa in ft. 
Then, x = vt 
and, y = ty 
Equating the values of ¢? from these two equations, 
x? dy 
v g 
PET) 
Or, U imey bd 
2y 
v 
Buta OE a 
E nyu 


Substituting for v, 


Pa 


4y H 
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The value of C, can be found from this equation by measuring 
the distances x and y for a certain point on the jet and for a 
known value of H. 

The coefficient of velocity may also be found by measuring 
the actual velocity of the jet with a Pitot tube. 


EXAMPLE. 


In order to determine the coefficient of velocity of a small circular sharp- 
edged orifice under low heads, the horizontal and vertical co-ordinates of 
the jet were measured when the head was 8in. The horizontal co-ordinate 
of a certain point of jet, from the vena contracta, was found to be 32-5 in., 
whilst the vertical co-ordinate for the same point was 33-7in. Find the 
coefficient of velocity. 


j C =e 
§ 4y H 


where H = 8in. 
i x = 32-5 in. 
and y= 33n. 
e E 
Then, C, E 337 <8 
= 988 


37. The Coefficient of Discharge. Owing to the reduction 
in velocity and to the contraction of the jet, the actual discharge 
will be much less than the theoretical; the relation between 
them being known as the coefficient of discharge. 


Let Ca = coefficient of discharge 


actual discharge 


Then, Ca = theoretical discharge 


But, actual discharge = actual velocity of jet 
x actual area of jet 


=C,V29H xC,A 


where A = area of orifice 
Therefore, actual discharge = 0,0, V2g H x A 
But, AV 2g H = theoretical discharge 


Therefore C= OP xe, 
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The coefficient of discharge of an orifice may therefore be 
found by first determining its C, and C, and by multiplying 
these together. 

The coefficient of discharge will also vary with the head and 
type of orifice.* Usually, its value is between -61 and -64. _ 

The simplest manner of determining the coefficient of dis- 
charge is by actually measuring the quantity of water dis- 
charged through the orifice in a given time under a known 
constant head, and by dividing this quantity by the theoretical 
discharge. 


Frc. 43 


Let Q be the volume of water in cubic feet actually discharged 
in a time t sec. < 


Q 
Then, O a ee 
TRATAN 
A good method of finding the coefficient of contraction is to 
find the value of C4 by the above method, then C, = = 


38. Large Vertical Orifices. If a. vertical orifice is large 
compared with the head, the velocity of the water may no 
longer be regarded as constant, as the variation in head at 
different vertical sections of the orifice will be considerable. 

Consider the large orifice in Fig. 43. Let the height of the 
water level be H, above the top of the orifice and H, above 
the lower edge. Let B be the breadth of the orifice. 


* For the non-dimensional factor for orifices see Art. 224. 
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Consider a horizontal strip of the orifice of depth h and 
thickness dh, and assume velocity at sirip to be proportional 
to V 2g h. 

Area of strip = Bdh 

Velocity of water through strip = kv 2g h 

where k is an unknown coefficient which is included in the 
value of Oa. 


Discharge through strip = C, X area X velocity 
= O,BdhvV2%gh 
He 
Total discharge = 0,BV 2g if h° dh 
2 = H: 
= CBV [e] 


2 om z 3 
= 3 Ca BV 29 (H,’ SA 


EXAMPLE. 

A rectangular orifice in the side of a large tank is 4 ft. broad and 2 ft. deep. 
The level of the water in the tank is 2 ft. above the top edge of the orifice. 
Find the quantity of water flowing through the orifice per second if the 
coefficient of discharge is -62. 


. 2 S 
Discharge = 3 Ca Vg BiH. He) 


2 TPA oA ae 
aoe x V 64:4 x 4(4?- 2°) 


= 68-8 cu. ft. per sec. 


39. Drowned Orifices. If an orifice does not discharge into 
the atmosphere, but discharges into more water, the whole of 
the outlet side of the orifice being under water, it is known 
as a drowned or submerged orifice. If the outlet side of the 
orifice is only partly under water it is known as a partially 
submerged or drowned orifice. 

In a drowned orifice the discharge of the jet is interfered 
with by the water on the outlet side. This has the effect of 
slightly reducing the coefficient of discharge ; the discharge 
will, therefore, be less for a drowned orifice than for a free, 
assuming the net head causing flow to be the same. 

The discharge through a drowned orifice may be obtained 
from the same equations as for an orifice running free, excepting 
that the head causing flow will be the difference between the 
` heads on either side of the orifice. 
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The discharge through a partially drowned orifice may be 
found by treating the lower portion as a drowned orifice and 
the upper portion as an orifice running free and by addin 
together the two discharges thus found. 


EXAMPLE. 


An orifice in the side of a large tank 
is rectangular in shape, 4ft. broad and 
2 ft. deep. The water level on one side 
of the orifice is 4 ft. above the top edge ; 
the water level on the other side of 
the orifice is 1 ft. below the top edge. 
Find the discharge per second if 
Cy = :62. 


The orifice in the question is 
partially drowned; the lower 
half may be treated as a drowned 
orifice and. the upper half as a 
free orifice. 


Fia. 44 


Considering upper half of orifice, 


discharge = 


X -62 x 64-4 x 4(5'- 4) 


= 42-2 cu. ft. per sec. 


Consider lower half of orifice, 
head causing flow = 5 ft. 
Discharge = 0, V2g x area x VH 
= 62V644 x 4x V5 
= 44-5 cu. ft. per sec. 
Total discharge = 42:2 + 44:5 
= 86-7 cu. ft. per sec. 
40. Time of Emptying Tank. Consider a tank of uniform 
cross-sectional area A (Fig. 44), then let the water be discharged 
through an orifice in the base of the tank so that the water 


level falls from a height H, to a height H, in T'sec. The rate 
of discharge will decrease as the water level falls, 
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Let a = area of orifice 


v = velocity of water passing through orifice at any 
particular instant 


At any particular instant let the water level be at a height 
h above the orifice and let the level fall by a small amount dh 
in the time dt. Let the corresponding quantity of water 
passing through the orifice due to this small change of water 
level be dg. Then, as volume displaced by water level equals 
quantity flowing through orifice, and as dh, being measured 
downwards, is negative, 


dq =-Adh=C,avdt 


But, v= V2gh 
Therefore, -Adh = Cra V 2g h dt 
Or dt == N 
Caa V2gh 
_ Ah*tdh 
— Oaa vg 


: i A w 
e a E 
Then, total time taken ; d aoe h’* dh 


T = aoc ma rA 
= eo el le 
2A 


S a vy P Ha) . = | (1) 

If the tank is completely emptied, H, = 0 
fi aoe VH, 2 
Then, ROEN Hi. : 2) 


41. Time of Emptying Hemispherical Vessel. The time 
taken to lower the water level in a hemispherical vessel may 
be found in the same manner as in Art. 40; but in this case 
the cross-sectional area of the vessel is not uniform (Fig. 45). 

Let R be the radius of vessel and let the water level fall 
from H, to H, in the time T. 

Consider the instant. when the water level is at a height h, 
and let the radius of the vessel’s cross-section at this level 


be x. 
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Let a small quantity dq flow through the orifice at the base 
in a time dt, and let the corresponding fall of water level due 
to this be dh. 


Let. a = area of orifice 
and v = theoretical velocity of water passing through 
orifice at time considered 
= V2gh 


As volume displaced by water level equals volume flowing 
through orifice, and as dh is negative, 


dq = -n x? dh = Caa v dt 
= 044 V2ghdt 
H, But, from Fig. 45, 
x? = Rè- (Rh —h)* 
= 2Rh-h? 
Therefore, 0i == PASE 
OROEN OTIN 
_ _n(2Rh-h?)h*dh 
a Caa V/29 


mT H, 
Caa erie ee I, 


T 4 2 H, 
== SS | SS AATA 
Cra weal ak aan 


Total time required 
to lower water level 


2a 2 } a) clear E 

-ga Vig (7 P - He) -F (HH) - J) 

If the vessel were full at the commencement and is completely 
emptied, then : 
i HER 
and H,= 0 

Equation (1) then becomes, 
2a f2 Hii 
Io 5) 
l4r R? 
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EXAMPLE. 


_A hemispherical tank 12 ft. in diameter is emptied through a hole, 8 in. 
diameter, at the bottom. Assuming that the coefficient of discharge is -6, 
find the time required to lower the level of the water surface from 6 ft. to 
4ft., and deduce the formula you use. (London Univ.) 


Using Equation 1, 


ee NE (non 
2 2 es 


T 4 ele 
6X 7X5 V644 


= 58-2 sec. 


42. Time of Flow from One Vessel to Another. Suppose 
water is flowing from one vessel into another (Fig. 46), so that 
as the water level falls in one vessel it will rise by a correspond- 
ing amount in the other. In this case, the orifice will be 
drowned and the head causing flow at any instant will be the 
difference between the two water levels at that instant. 

Let the water flow from a vessel of area A, into a vessel of 
area A,, and let a be the area of the orifice between the vessels. 
Let the difference of head between the two vessels be H, 
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at the beginning ; it is required to find the time taken for the 
difference of head to reach H,. 

Let v = theoretical velocity of flow through orifice. 


At a certain instant let the difference of head between the 
two vessels be h, and let a small quantity dq flow through the 
orifice in the time dt. This will cause the water level-in A, to 
fall by the small amount dH; the water level in A, will rise, 


therefore, by the amount dH = 
2 


New difference of head = h -dH -dH—= 


=h-di (1 +2) 
2 


Therefore, change of head causing flow = dh = dH (1 + = 
2 
Or, dH = AN oa ; : , Se 
(+4 
A, 


As quantity flowing from A, equals quantity flowing through 
orifice, and as dH is negative, 


dq = -A dH = Cavadi 


But v = V29h 
Therefore, Gh = bee 

Caa V2gh 
Substituting from Equation (1), 

ay Au 

Caa (1 +F) Vh 
2 
-4 

Or, ie A,h*dh 


p. $ 
Total time taken = Oe = = 
: Caa 
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A H, 
Csa(ı + F) V 2g 
= Tay Es Soe es . . 
Csa(ı +72) V/2g 
2 


If both the vessels have the same area, 


A, = A, 
t pt 
Then, ji eae Hy) (3) 
Caa V 29 


It will be noticed that the time taken to reduce the difference 
of water level between two vessels of different areas is the same 
whether the water flows from the larger to the smaller or from 
the smaller to the larger, providing the reduction in water 
level is the same in each case. 


EXAMPLE, 


A tank 10 ft. long and 5 ft. wide is divided into two parts by a partition so 
that the area of one part is three times the area of the other. The partition 
contains a square orifice of 3 in. sides through which the water may flow 
from one part to the other. If the water level in the smaller division is 10 ft. 
above that of the larger, find the time taken to reduce the difference of water 
level to 2 ft. Og = -62. 


A, = 5X 2} = 12}6q. ft. 


A, = 5 X Tk = 37% aq. ft. 
Jala 10 ft 
H = OG. 
3x3 1 
a = 74a ~ 1680: 


T= 


2x 12:5(V10- V2) 


62 X E +5] / 64-4 


16 
= 105-5 sec. 


4—(T.5167) 
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43. Discharge From Tank with Inflow. The problem of 
finding the time required to lower the water surface in a tank 
by means of a small orifice was 
dealt with in Art. 40. This 
problem is more complex if there 
is an inflow of liquid whilst the 
discharge occurs. Consider the 

tank of Fig. 47 and let its area, 
-in plan, be A sq. ft. Let there 
be a constant inflow of liquid 
of Q cu. ft. per sec., whilst, at 
the same time, the tank is dis- 
charging through a small orifice 
at the base. 

Let a= area of orifice in 

sq. ft. 

q=discharge from 
orifice in cu. ft. 
per sec. 


Consider the tank at the instant when the liquid surface is at a 
height h ft. above the orifice; let this height increase by dh in 
a small interval of time dt. Then, 


amount of inflow = Qdt 


amount of discharge = gdt 


= Caa V 2gh dt 
= kVh dt 
where k = Oa v2 
Then, increase of liquid in tank = Adh = Qdt — khèżdt 
= (Q — khžjdt 
from which hi fae 5 : (1) 


The time required to raise or lower the liquid surface between 
the heights H, and H, can be obtained by integrating this 
equation. This is not a simple expression to integrate, but the 
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solution can be obtained by letting the denominator be repre- 
sented by the symbol z. Then, 


Pi — kh ©, ; ; emery (2) 
then, ht = = 
or e < 
Differentiating with respect to z, 
ee 2(Q ae 


Substituting this value of dh in Equation (1) and substituting z 
for the denominator, 


_  A2(Q -z)dz 
M Saal 
that is, pee i)a 
k? \z 


Integrating for a total time of T sec., 


f u=-% Qog z- 
Substituting for z from Equation (2), 
T=- Te | O log — kh) - Q- katy | 
Hence, 7 = -24| $0 tog Q- bV Tp- (Q -EVT 
- {Q log.(Q -kV T) ~ (Q - EVT)? | 
= -g [2 10g, (2) HUVE- VE] (8) 


The problem may also be approached from a graphical con- 
ception. Suppose the rise in head %4 is measured at various 
intervals of time t, commencing with the tank empty. The. 
head h may then be plotted on a time-base, t; the curve ob- 
tained is shown in Fig. 48. 
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Now, as shown above, Adh = (Q — kh*)dt 


dh k 
hence, oa Hoh e ‘ ye (4) 


dh 
It will be seen from this equation that if the values of Fi 


are plotted on a base representing h? a straight line is obtained ; 


dh 


vh 
Fia. 48 


h 
this is shown plotted in Fig. 48. The values of = for various 


values of h were obtained by measuring the slopes of the h/t 
curve; this is done by drawing tangents for several values of h. 


k 
The values of the two constants of Equation (4), = and —, can 


be obtained for any two known sets of values of gi and h. 


dt 
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It will be noticed from Equation (4) that when Vh = 0, 


dh Q 
dt A 
= height Oa on graph. 

Also h us == (1) 
s when 7 = 0, 

Q@ k, 

AETH 
hence, ht = : 


= ordinate Ob on graph, 


This latter condition occurs when the liquid surface in the 
tank has reached its maximum height. At this level the 
discharge from the orifice is at the same rate as the inflow ; 
consequently, no further increase in head will occur. 


EXAMPLE 1. 


A concrete tank is 50 ft. long and 30 ft. wide, and its sides are vertical. 
Water enters the tank at the rate of 6 cu. ft. per sec. and is discharged from 
the sluices the centre line of which is 1 ft. above the bottom of the tank. 

When the depth of water in the tank was 17 ft., the instantaneous rate of 
discharge was observed to be 12 cu. ft. per sec. How long will it take for the 
level in the tank to fall 10 ft.? (London Univ.) 


Now, q = kh? 
that is, 12 = kv16 
hence, p=g 


Applying Equation (3), and putting Q = 6, A = 1500, H, = 6, 
and H, = 16, 


T = - ea log (=| + 3(V6 - v6) | 


He 6 - 316 
= — 333-3[6 log, -225 — 4-65] 
= 4540 sec. 
= 75°7 min. 
EXAMPLE 2. i 


‘A cylindrical tank is placed with its axis vertical and is provided with a 
circular orifice, 1} in. diameter, in the bottom.. Water flows into the tank at s 
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uniform rate, and is discharged through the orifice. It is found that it takes 
107 seconds for the head in the tank to rise from 2 ft. to 2 ft. 6 in. and 120 
seconds for it to rise from 4 ft. to 4 ft. 3 in. Find the rate of inflow in cusecs 
and the cross-section of the tank, assuming a coefficient of discharge of 0-62 
for the orifice. (London Univ.) 


This problem is demonstrated by the curves of Fig. 48. 


Two values of a are given in the question, namely, 


for an average head of 2 ft. 3 in., dh = 6 in. and dt = 107 sec. 
for an average head of 4 ft. 14 in., dh = 3 in. and dt = 120 sec. 


dh 5 
Hence, when h = 2:25, at = 107 
= -00468 
dh 25 
when h = 4:125, a 196 
m/1\? 
Also, O2 a5) V 2g 
= +0609 
POE dh. ` ; 
Substituting for each value of qe 2 Equation (4), 
dh Q k 
Taoa N 
When h = 2:25, 00468A = Q--0609 V225 
E e Ee ; ae) 
when h = 4:125, -002084 = Q- -0609 V/4:125 
M 94 : (6) 
Solving the simultaneous equations (5) and (6), 
A = 12-3 sq. ft. 


Q = -1489 cusecs. 


44. Losses of Head of Flowing Water. Water flowing along 
a straight uniform passage with perfectly smooth walls would 
suffer no loss of energy except that due to viscous resistance. 
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It is not possible in practice to obtain this condition, on account 
of the roughness of the sides of the passage. The loss of energy 
due to such a resistance is usually expressed as a head in feet 
of water. Flowing water will also be subjected to losses of 
head due to changes of section, changes of direction, and 
obstructions. All such losses are expressed in terms of the 
velocity head. 

(a) Loss or HEAD DUE TO FRICTION OF SIDES OF PASSAGE. 
: 2 
This loss is expressed as a function of = and will depend on 


the length and diameter of the pipe, the material of which the 
pipe is made, and the nature of the surface. This loss is dealt 
with fully in a subsequent chapter. 


(b) Loss or HEAD DUE TO CHANGE oF Direction. This 

loss is due to the resistance of sharp bends and elbows, and is 
v? 

expressed as a function of TA 


y2 
Or, loss of head = k—, 
2g 


where k is a coefficient found by experiment and depends on 
the radius of the bend and the angle of deviation. For 90° 
elbows, & is found to be approximately unity. The loss of 
energy due to a sudden change of direction is ultimately lost 
in the friction of the eddies formed. 


(c) Loss or HEAD DUE TO CHANGE OF SECTION OF PASSAGE. 
Losses of head under this heading are due to a sudden enlarge- 
ment of section, a sudden contraction, and the loss at entrance 
of a pipe. There are also losses due to a gradual enlargement 
or contraction of the section ; but as these are extremely small, 
they are usually neglected. 


(d) Loss or HEAD DUE TO OBSTRUCTION IN PASSAGE. 
Any obstruction in the passage, such as a diaphragm or a 
projection from the passage walls, will interfere with the 
steady flow of the water and form eddies, the energy of which 
will be ultimately lost in friction. 

An obstruction will cause a contraction of the area of flow 
which will be followed by an enlargement when the obstruction 
is passed. The loss of head will be due to this sudden 
enlargement. 
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SuMMARY OF LOSSES OF HEAD. 


(a) Loss of head due to friction “e (Art. 67) 
(b) Loss of head due to bends and elbows = k 5 (Art. 44) 
(c) Loss of head due to sudden enlargement = (1 an (Art. 45) 
Loss of head due to sudden contraction= -5 5 (Art. 46) 
Loss of head at entrance to pipe = +5 = (Art. 47) 


(d) Loss of head due to obstruction 


A 
z [aa zg (Art 48) 


45. Loss of Head Due to a Sudden Enlargement. Consider 


Fia. 49 


formed in the corner. 


pressure of p, lb. per sq. in. 


water flowing along a pipe 
of area a, with a velocity 
vı and a pressure pı; let 
the pipe be suddenly en- 
larged to an area a, and 
let the velocity of the water 
in the enlarged section be 
v and the pressure P, 
(Fig. 49). The water will 
flow by the enlargement as 
shown in the figure, and a 
backwash of eddies will be 


It is the formation of ‘these eddies 
which cause the loss of head. 


The eddies press on the annular ring of area a,—a, with a 


It is found by experiment that 


Po iS approximately equal to p, and it is on this assumption 
that the solution is obtained. 

Consider the quantity of water between aa and bb. The 
resultant force acting on this mass of water is : 


Pa Aa — Py 


Assuming Doe 


Total force 


Gy — Polt = a1) 


Pi 
aa(Ps — Pı) 
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The change of momentum per second of this mass of water is 
WAV? Waag? 
Gis | ag 
But, Ta dn "0,05 
Therefore, change of momentum per second 
WA, Vy WAV," 
ecg 9 


Then, as force equals change of momentum per second, 


Ug, Va? 
A3(P3- Pı) = wa, (2-2) 
2 
Or, (Ae ee GI 
ww, g g 


Let h, = loss of head due to enlargement. Applying 
Bernoulli’s equation to sections aa and bb, 


-— = =>- h 
Qo Ø AW A F 
. ek Www, v 
from which, lip = RAT + og 
(v1 — va)? 
= EA i . 5 ee) 


The loss given by Equation (3) occurs at any sudden enlarge- 
ment of the cross-section of a passage containing a moving 
fluid. 


EXAMPLE. 


A pipe of diameter 6 in. is suddenly enlarged to a diameter of 1 ft. Find 
the loss of head due to this enlargement when the quantity of water flowing 
is 4 cu. ft. per sec. 
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q 
area 


Velocity in 6in. pipe = = 20-4 ft. per sec. 


Fee 


4 
Velocity in 12 in. pipe = a 5-1 ft. per sec. 


4 
Ap i2 
Loss of head = Mae Yal; 
29 
(20-4 — 5-1)? 


64-4 
= 3-64 ft. of water. 


46. Loss of Head due to a Sudden Contraction. The loss of 
b head due to a sudden 
‘ | contraction is not due to 
—= | the contraction itself but 
3 to the sudden enlarge- 
—> —> ment which follows the 
contraction. 
| Consider the pipe in 
| 5 Fig. 50. Let the pipe 
a 6 | change section from an 
area of a, to an area of a. 
The water, in flowing into the narrow section, will be further 
contracted at the section aa, forming a vena contracta in the 
same way as a jet issuing from an orifice. Let the velocity 
at aa be v, and let the contracted area be a,. 


Then, Go= Cla 
where C, is the coefficient of contraction. 
Let v = velocity of water at the section bb. 


At the section bb the jet of water will have expanded and 
filled the pipe; consequently, there will be a loss of head 
between aa and bb due to this expansion. 


Fre. 50 


Ss 2 
Loss of head = ae (Art. 45) 
But, av. = 4.0, 
= O40, 


Therefore, v, = a 


ORIFICES AND MOUTHPIECES 97 
i : 
z- 
Then, loss of head = y? ——=——— 
2g 
Assuming C, to be -62 for a circular orifice, 


Loss of head 


|l 
AN 
|= 
iw) 
I 
— 
Se, 
Nw 
hs: 
Q è 


Fie. 51 


It is found by experiment that the actual value of the con- 
stant is nearer -5 than -375; this higher value is generally 


used. 
2 


Then, loss of head due to sudden contraction = a 


47. Loss of Head at Entrance to Pipe. The loss of head 
due to the water entering a pipe from a large container is 
actually a loss due to a sudden contraction. 

Let v = velocity in pipe. 

2 
Then, loss of-head at entrance = Bs 

In cases of water flowing along long pipes, this loss of head 
is very small compared with the frictional loss and may be 
neglected. 

48. Loss of Head due to Obstruction. The loss of head due 
to an obstruction in a pipe may be looked upon as due to the 
sudden enlargement beyond the obstruction. 

Consider a pipe of cross-sectional area A (Fig. 51), and let 
an obstruction of area a be placed in the pipe. The water 
will flow in stream lines by the obstruction, the vena contracta 
occurring just beyond at the section cc. 
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Let v = velocity of water in free section of pipe 
v, = velocity at vena contracta 
bb = a section of normal flow beyond the obstruction. 
There will be a loss of head due to the enlargement between 
eee 
the sections cc and bb equal to Ceri 
Area of section of flow at cce = C. (4-a), 
where C, = coefficient of contraction 
Also, v,C(A-a) =vA 
Av 
Therefore, v, = Cea 
Ao 272 
Then, loss of head = Ereni 1] 29 
Assuming the coefficient of contraction = -66, 
. A eae 
loss of head due to obstruction = Eaten - 1] 2g 


This phenomenon is made use of in an instrument known 
as a pipe orifice which is used for measuring the flow of water 
(Art. 236); the orifice forms an obstruction in the pipe and 
the loss of head is measured by means of pressure gauges. 


EXAMPLE. 


The passage of water through a 6 in. pipe is restricted by a diaphragm with 

a 2in. diameter hole in its centre. The loss of head at the diaphragm when 

the velocity in the pipe is -59 ft. per sec. equals 1-25 ft. Assuming the head -. 
2 


lost = Ey where V = the velocity of water in the pipe, find C, the 
coefficient of contraction of the stream passing through the diaphragm 
(London Univ.) 


In this case the area of flow at the obstruction = = (2)? 


Then, loss of h Aaaa 
en, loss of head -|ou 1] 3g 
= 2 
TEAR) .5Q)2 
125 = L — SS 
“(9)\2 
Coq (2) 
yk 15-22 1 
Ce f 


"555 


© 
ll 
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49. External Mouthpiece. The discharge through an orifice 
may be increased by fitting a short length of pipe to the outside. 
Consider the vessel in Fig. 52 to be discharging water through 
a short length of pipe under a head H. The jet, on entering 
the pipe, will at first contract and then expand and fill the 
pipe. Let H, be the atmospheric pressure in feet of water. 
The pressure at the outlet of the pipe will be at atmospheric ; 
but, as the velocity of the vena contracta is larger than that 
at outlet, the pressure at the vena contracta wili be less than 
atmospheric. 


Fic. 52 


As the pipe is flowing full at outlet, the coefficient of con- 
traction will be unity. The coefficient of velocity may be 
calculated by applying Bernoulli’s equation to certain sections 
of the water. 

Let a = area of pipe 

a, = area of flow at vena contracta 
v = velocity at outlet of pipe 
v, = velocity at vena contracta 
H, = absolute pressure in ft. of water at vena contracta 

Assuming coefficient of contraction at vena contracta to 
be -62, 

a, = C,a 
= ‘62a 
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As quantity flowing at section cc equals quantity flowing 
at bb, 


Da lo = 04 
a 
Ua ; ; : (1) 
e a, 
(2) 
~ +62 


Owing to the enlarging of the section between cc and bb, 


(ve a . (Art. 45.) 


there will be a loss of head of 
Substituting the value of ve, 
D 2 
(a7) 
29 
v? 


Applying Bernoulli’s equation to free water surface in tank 
and bb, 


2 
ee Hy + 3, + loss of head 


loss of head = 


l ot . v? 
Therefore, H Eo BS 
2 
= LEOS SRAZ 
l 
Therefore ` O, = — === = -855 
V 1:375 

Then, Ca = ©; x C, 

= -855 


Ep O= lle 


The coefficient of discharge is thus considerably increased 
by fitting an external mouthpiece. 

In order to find the pressure at the vena contracta, apply 
Bernoulli ’s equation to the water surface in the tank and to 
the section ce. 


vka 
Ay Helo 
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But, from Equation (1), v, = 5 
2 
and from Equation (2), H = 1-375 = 
g 
Th fp J ye ca 
en, a . — — . — 
me 2g e + 26 2g 
- Therefore, HRSS HAE 1-295 — 5 2 (8) 
2g 
= H,- :89H 


2 

Or, the pressure at the vena contracta is 1-225 = or -89H 
less than atmospheric. : 

The effect of the mouthpiece on 
the discharge is to decrease the 
pressure at the vena contracta and -OS 
thus increase the effective head —— 
causing flow. 

It is found by experiment that 
the frictional resistance at the 
entrance to the mouthpiece reduces 
the coefficient of discharge from 
-855 ‘to -813. The effect of this 
frictional resistance on the pressure at the vena contracta is 
-to reduce the vacuum pressure to about -74H. 

It will be noticed that the pressure at the vena contracta 
will be zero when -74H = 34 ft. of water. If this condition 
were reached, separation would take place and the flow of 
the water would no longer be steady. In practice this takes 
place before zero pressure is reached. 

In this type of mouthpiece the length of pipe must be at 
least three diameters in order for the pipe to run full. 

By making the mouthpiece to the shape of the jet up to 
the vena contracta, as in Fig, 53, the loss due to the enlarge- 
ment is eliminated. This will make the theoretical coefficient 
of discharge equal to unity. Such a mouthpiece is known as 
a convergent mouthpiece. Actually, owing to frictional loss, 
the coefficient of discharge for this mouthpiece is about -975. 

By making the mouthpiece divergent, the loss due to the 
enlargement of the jet may be considerably reduced. In this 


Fre. 53 
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type the mouthpiece is sometimes made convergent up to the 
vena contracta and then diverges as in Fig. 54. As the 
divergence increases, the velocity at cc increases; this will 
` cause an increase in the vacuum pressure at the vena contracta ; 
and, as this cannot be greater than 34 ft. theoretically, or 
26 ft. actually, there is a limit to the amount of divergence if 
a steady flow is to be maintained. 


Fie. 54 


Applying Bernoulli’s equation to water level and to sections 
cc and bb (Fig. 54), 


H ee v 
ep Bon opeke anges 
y2 
From which, — = 
2g 
d vet 
and, me ecco 
But, 2 = He 
Qe v 
_ V29(H + H.-H.) 
V 2g H 
Eai l Hg H 
EE 


Then, assuming the maximum vacuum pressure to be 26 ft., 


maximum ratio of A 1 Zo 
ee By H 


ORIFICES AND MOUTHPIECES 103 


EXAMPLE. 


Water is discharged through an external cylindrical mouthpiece, of 4 sq. in. 
area, under a head of 10 ft. Find the discharge and the pressure at the 
vena contracta. Coefficient of contraction = -64. 


Applying Bernoulli’s equation to water surface and outlet 
end of mouthpiece, 


2g 2g 
v 
But, Ve = -64 
a 
—{-v 
v? 64 
Then, 10 = 29 kas 
__ 1316 v? 
AFF 
Therefore, v = 22-18 cu. ft. per sec. 


Discharge = av X 22:18 = -616 cu. ft. per sec. 


4 
~ 144 


D= a = 34-6 ft. per sec. 


Applying Bernoulli’s equation to water surface and vena 


contracta, 
2 


Vv 
34+10 = H, += 
+ + 99 


(34-6)? 


Zg = 25-4 ft. of water absolute. 


Therefore, H, = 44- 


50. Re-entrant or Borda’s Mouthpiece. An internal mouth- 
piece, such as shown in Fig. 55, is known as a re-entrant or 
Borda mouthpiece. If the jet, after contraction, does not 
touch the sides of the mouthpiece, as in Fig. 55, it is said to be 
running free. If, after contraction, the jet expands and fills 
the mouthpiece, as in Fig. 56, it is said to be running full. 

Consider the mouthpiece of Fig. 55. In this case the 
mouthpiece is running free. 
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Let H = height of water surface above centre of mouthpiece 
a = area of mouthpiece 
v = velocity of flow through mouthpiece 
a, = contracted area of jet 


Fie. 55 Fie. 56 


As force equals rate of change of momentum, total pressure 
at entrance = change of momentum per second. 


W æ V 
Or, pa= we”) v 
Substituting p = wH, 
2 
wa H = we, = 
Pa 
But, Jai 29 
2 2 
Therefore, eh aes gee 
2g g 
a 
Or, ET 
That is, the coefficient of contraction = ‘5. 


This may be accounted for by the water surrounding the 
outside of the mouthpiece having to deviate through an angle 
of 180° in reaching the jet. 

Next consider the mouthpiece running full, as in Fig. 56. 
This case is similar to an external mouthpiece. There will be 
a vacuum pressure at the vena contracta which will increase 
the velocity at that section. This will cause an increased 
discharge as the coefficient of contraction at the outlet is 
now unity. 
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Consider the sections aa and bb. There will be a loss of 
head due to the enlarging of the section. 
Using the same notation as in Art. 49, 


CE A v)? 
loss of head due to enlargement = Zg 
2 G TZ 
WAC): 2g 
y? 
23g 
as C, for the jet. S 


Applying Bernoulli’s equation to the water surface and to 
the outlet end of the mouthpiece, 


2 
Het H = Het ot ei 


enlargement 

y2 y2 

Or, 9g ' 2g 
ze 
2g 

Then, v= Vg 
Discharge, when running full = av 

= aVgH 


Discharge, when running free = -5a 4/2g H 


Therefore, the discharge is increased bos = when running 
full. T 


Cocfficient of discharge when running full = = ele 


In practice, the coefficient of discharge is found to be slightly 
greater than this amount. 

The pressure at the vena contracta may be found by applying 
Bernoulli’s equation to sections cc and es 


Ue" 
loss H, + “+5 


But, 0 = 20 
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4 v? 2v2 
Therefore, Jii + Zg == og 
Or, = ed 


2 


aes Heese 
g 


Thus, the pressure at the vena contracta is less than 
atmospheric by an amount equal to the head of water in the 
vessel. Assuming separation takes place at a vacuum pressure 
of 26 ft. of water, the maximum value of H for steady flow 
is when H, = H,- 26. 


Then, H, -26 = H,- H 
Or. H 26 ft. of water. 


|l 


EXAMPLE. 


Calculate the coefficient of discharge from a projecting cylindrical mouth- 
piece in the side of a water tank assuming that the only loss is that due to 
the sudden enlargement in the mouthpiece, taking a coefficient of contraction 
as -64. Compare the discharge through a Borda mouthpiece in the vertical 
side of a tank filled with water, and the jet running free, with that from a 
short cylindrical mouthpiece projecting from the vertical side of the tank if 
both are placed in similar positions, are 2 in. in diameter, and the constant 
head above the centre of each is 3 ft. Sketch the issuing jets in each case. 
(London Univ.) 


Applying Bernoulli’s equation to water surface and outlet 
of mouthpiece, 


DRAR pe (v. - v)? 
2g 
v 
But, Veo yy. 
(az) 
U 
m v2 64 ) 
Then, H == 2g ng. Oe 
1316 0? 
= RRT 
And, oa ee 
1-316 


Discharge = w = VISI V 29 H 
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Theoretical discharge = a 4/2g H 
Soran 
Coefficient of discharge = V1316 V29 H == eas 
a V2g H V1-316 
=O 
Coefficient of discharge for Borda 
` mouthpiece running free i 
Actual discharge for Borda — 
mouthpiece = 5a V29H 


T 4 e 
=:5 X7 X- X V64-4 x 3 


4 144 
= -1518 cu. ft. per sec. 
Actual discharge for cylin- = 
drical mouthpiece = Caa V2g H 


ME Ea ent 
= KTR AX 64:4 x 3 


= -268 cu. ft. per sec. 


EXAMPLES 4, 


(1) The discharge through a sharp-edged circular orifice, 1 in. diameter, 
under a constant head of 4 ft. is 3-24 cu. ft. per min. Find the coefficient of 


discharge. 
Ans.—C, = -615. 


(2) If the jet in Question 1, when measured with a screw gauge, is found 
to have a diameter of -785 in., find the coefficient of velocity. 
Ans.—O,, = -992. 


(3) A jet of water issues from a sharp-edged vertical orifice under a constant 
head of 4in. At a certain point of the issuing jet, the horizontal and vertical 
co-ordinates from the vena contracta are measured and found to be 16 in. 
and 16-8in. respectively. Find the coefficient of velocity of the jet. 

Ans.—C, = :978 


(4) Find the discharge through a large rectangular vertical orifice, 6 ft. 
wide and 4 ft. deep, when the water level is 10 ft. above the top edge of the 


orifice. Cy, = 61. 
Ans.—403 cu. ft. per sec. 


(5) Water flows from a tank at the rate of 400 gallons per minute into a 
horizontal pipe of 6in. diameter. The pipe suddenly changes to 8 in. 
diameter at a short distance from the tank and is then suddenly reduced back 
to 6in. diameter. Find the loss of head at entrance to pipe, at enlargement, 


and at contraction. 
Ans.—-231, -09, -231 ft. of water. 
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(6) A large tank has a circular sharp-edged orifice 1-44 sq. in. in area at & 
depth of 9 ft. below constant water level. The jet issues horizontally, and in 
a horizontal distance of 7-8 ft. it falls 1-8 ft. The measured discharge is 
-15 cusecs. Calculate the coefficients of velocity, contraction, and discharge. 
(A.M.I. Civil E.) 

Ans.— 97; :643; +624. 


(7) A reservoir is circular in plan, the diameter of the top water level is 
300 ft., at a depth of 5 ft. the diameter is 250 ft. The mouth of the outlet 
pipe, which is 24 in. in diameter, is 12 ft. below top water level; how long 
will it take to lower the depth of the water in the reservoir 5ft.? (Take 
C =-8.) (London Univ.) 

Ans.—179-4 min 


(8) A tank 20 ft. long and 5 ft. wide is divided into two parts, by a partition, 
so that one part is four times the other part. The water level in the large 
portion is 10 ft. higher than that in the smaller. Find the time for the 
difference of water level in the two portions to reach 4 ft. if the water flows 
through an orifice in the partition 3 in. square. Cg = -6. 

2 Ans.—6-2 min. 


(9) A pipe 10 in. diameter has a diaphragm fitted in it, in which there is a 
hole 4in. diameter concentric with the pipe. Investigate a formula for the 
loss of head at the diaphragm and show how the arrangement can be used to 
measure the flow along the pipe. 

Show also how you would check experimentally the assumptions made. 
(London Univ.) 


(10) Establish Bernoulli’s equation for the stream line motion of a fluid. 
Show that when water is issuing steadily from a re-entrant orifice in the 
bottom of a tank, the area of the jet at the vena contracta is 4 of the area of 
the orifice. (London Univ.) - i 


(11) Water in a tank discharges through an external divergent mouthpiece. 
If the outlet area of the mouthpiece is four times the minimum area, find the 
maximum head in the tank at which steady flow through the mouthpiece can 
be obtained. Assume separation takes place at an absolute pressure of 
8 ft. of water. 


; Ans.—1-735 ft. of water. 
(12) Water under a constant head of 9 ft. discharges through an external 
cylindrical mouthpiece of 2in. diameter. C, = 6. 
Find, (1) the discharge in cubic feet per second; (2) the coefficient of 
discharge ; (3) the absolute pressure at the vena contracta in feet of water. 


Ans.—-437 ; -832; 265-7. 

(13) If the mouthpiece in Question (12) were a Borda mouthpiece running 
full, what would be the discharge ? 

Ans.—-372 cu. ft. per sec. 


_ (14) Compensation water is to be discharged by two circular orifices under 
a constant head of 2 ft. 6in., measured to the centre of the orifices. What 
diameter will be required to give 3,000,000 gallons a day ? O, = -62;C,= -97. 
(A.M.I. Civil E.) 

Ans.—8:18 in. 


(15) A pipe increases abruptly from diameter d to diameter D. Deduce an 
expression for the loss of head by shock when the dischargeisQ. Ifd = 12in., 
D = 18in., and Q = 5cu. ft. per sec., what is the loss of head? (A.M.I. 
Civil E.) 

Ans.—- 196 ft. 
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_ (16) Deduce an expression for the loss of head at a sudden enlargement 
in a pipe line. Using your result, determine the loss of head when a 12-in. 
pipe line discharges directly through the side of a reservoir, the velocity of 
flow being 10 ft. per sec. (A.M.I.Mech.E.) (Assume C, = -6.) 

Ans.—-692 ft. of water. 


(17) Two vertical-sided basins, each having a surface area of 2,000 sq. ft., 
are connected by a sluice gate of area 2 sq. ft. The initial difference of level 
in the basins is 9 ft. How long will it take to reduce this to 4ft.? The 
coefficient of discharge of the orifice is -8. (A.M.Inst.C.E.) 


Ans.—2 mins. 36 secs. 


(18) A sharp-edged orifice 1-9 in. diameter is employed to measure the 
supply of air to an oil-engine. Prove that the volume in ft.8/min. passing 


through the orifice is 1349/4, in which h is the drop of pressure between the 


two sides of the orifice measured in inches of water and p is the density of the 
air, assumed uniform, in Ib./ft.*, and the coefficient of discharge for the orifice 
is -602. 

Calculate the volume of air in ft.3/min. at N.T.P. if h = -85 in. of water, 
the pressure of the atmosphere 30-5 in. of mercury, and the temperature 


15:8° ©. For air PV = 96T. (Lond. Univ.) 
Ans.—43-0 cu. ft. per min. 


(19) A tank with vertical sides and a horizontal cross-sectional area of 20 
sq. ft. is provided with a notch cut at the top of one of the sides. Water flow- 
ing into the tank at a constant rate was discharged over the notch, the head 
over the bottom of which was 6 in. 

The supply of water was suddenly stopped and it was observed that the 
head over the notch started to fall at the rate of 0-14 in. per sec. When the 
head had fallen to 3 in. it was found that it was falling at the rate of 0-05 in. 
per sec. Estimate the rate of inflow to the tank when there is a steady head 


of 5 in. over the notch. (London Univ.) 
Ans.—-18 cu. ft. per sec. 


(20) A cylindrical tank 5 ft. diameter and 20 ft. high discharges through a 
circular orifice 2 in. diameter in the base of the tank. 
If there is inflow at a constant rate, and free discharge, find the rate of inflow 
if the head increases from 1 to 15 ft. in 15 minutes. C, = -62. 
Ans.—-619 cu. ft. per sec. 


(21) Air freely enters a heated drying shed through many openings at the 
base of the wall, and leaves through a circular sharp-edged orifice, area 
4 sq. ft., placed 12 ft. higher up the wall. The temperature is 25° C. inside, 
and 15° C. outside. Estimate the rate of flow. Cz = :62. (I. Mech. E.) 

Ans.—13-13 cu. ft. per sec. 


CHAPTER V 
NOTCHES AND WEIRS 


51. Notches and Weirs. A notch may be regarded as an 
orifice with the water surface below its upper edge. Notches 
are used for measuring the flow of water from a vessel or 
reservoir and are generally rectangular or triangular in shape. 

A weir is the name given to a dam over which water is 
flowing. Theoretically, there is no difference between a simple 
rectangular weir and a rectangular notch, except the latter 
may have sharp edges.* 

The sheet of water flowing through a notch or over a weir 
is known as the nappe or vein. The top of the weir over 
which the water flows is known as the sill or crest. Large 
weirs are sometimes divided into sections by vertical posts. 

Shallow rivers are often made navigable by building dams 
across the river at certain sections over which the water may 
flow. This has the effect of deepening the river on the up- 
stream side of the dam by an amount equal to the height of 
the dam above the original water level. During a drought, 
little or no water will flow past the dam; but after heavy rains 
the water flows over the dam, thus converting it into a weir. 
It is necessary to make short canals, containing locks, around 
these dams in order that the shipping may pass. 

52. Rectangular Notch. If water flows from a tank or 
reservoir over a notch there will be a contraction of the vein 
and a slight frictional resistance at the sides, as in the case of 
an orifice. This will cause the actual discharge to be less 
than the theoretical discharge; the ratio between them will 
be the coefficient of discharge for the notch. An average 
value of this coefficient is about -62. 

Consider the rectangular notch in Fig. 57. 


Let L = breadth of notch 
H = height of water surface above sill 
Ca = coefficient of discharge 


Consider a horizontal strip of water of thickness dh and 


* The term “weir” is sometimes loosely applied to small notches. 
+ For non-dimensional factors for weirs, see Art. 223. 
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of depth h. The theoretical velocity of the water flowing 
through strip will be V2q h. 


Discharge through strip = Ldh V2gh 
H 
L V204 | h? dh 


IRA PETI a 
=F LNV 29 Ca h 


0 


|l 


Total discharge 


2 , 
=z 0, V% L H EG) 


This equation is not used for large weirs. 
If a notch of this type. is 
used for measuring a quantity Se 
of water flowing, it must 


be calibrated experimentally. 
The discharge for any given 


weir is equal to k H? where H $e SS SSS 
2 ah 
pe 3 OF V 2g L. 
Then, by measuring the dis- Fia. 57 


charge per second for various 
heads, the value of k may be obtained by plotting the discharge 
and H?. A perfect straight line will not be obtained, as 
C, varies slightly with the head. This method of obtaining C, 
is demonstrated in Example 2. 

An alternative method is to assume Q = kH”; then taking 
logs of both sides of this equation, 


log Q@=logk+nlogH . : ee (2) 
which is a straight line law. 
By plotting from experimental results log H as base and 
log Q as vertical ordinate, a straight line is obtained from 
which k and n can'be found. For, 


when H = 1, log H = O ; then log k = log Q, hence k. 
Also, by choosing any convenient point on the graph, 
ee log Q -log h 
log H 
This method is demonstrated in Example 1. 


[From Eq. (2).] 
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EXAMPLE 1. 


The following observations were made during measurements on a weir, 
whose crest “b ” is 3 ft. long. 


Head “ H ” ft.. 
Q in. ft. per sec. 


-2 “4 6 8 1-0 1-2 1:5 
-846 | 2:34 | 4-24 | 6-48 | 9-00 | 11:78 | 16-35 


If the discharge is given by Q= KbH™, determine K andn. (A.M.I.Mech, E.) 


First plot log H and log Q and draw a straight line a mean 
through the points, as shown in Fig. 58. 


Let k = Kb 
When H = 1, log H = 0; then 
log k = log Q 


= +955 
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From which, be= 9 

Then, K=k~b 
=9+3=3 

ee = log Q - log k 

log H 
| Using the values for the point at which log H = -l, 
_ 1105 — -955 
+l 

= [+5 

Hence, equation is 

Q = 3bH’ 


EXAMPLE 2. 


In order to find the coefficient of discharge for a small rectangular notch, 
the discharge was measured experimentally for different heads for a rectangular 
notch 6 in. wide. The following results were obtained-— 


Head in feet . : ; -0651 -0716 ‘0775 -0827 -0870 


re in Guide Teer et -02813 | -03180 | -03535 | -03872 | -0419 
second ; f è 


Find the average value of C, for the notch. 
; 2 «vV L HE 
Discharge = Q = 3 Ca V 29 LH 


= k Ø 


The value of the constant k may be found by plotting Q 
and H’, thus obtaining a straight line. This is done in Fig. 59; 
a straight line is drawn a mean through the points and passing 
through the origin. 

Taking the values of Q and H ? from a point P on the straight 
line, 
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2 2e 
As k =z 0a 4/90 Tn 
2 k 1-667 
a =s 3 
> C, / 29 = 3 3:33 
; 3-333 
And, Ca = = 624 
D OEF 
3 V/ 2g 
0:05 
0-0. T 
0:03 
xX 
Q 7 Fi P 
0:02 ino i 
d ERA 
0:01 i =R 
ai = | 
0:005 0-01 0-015 0-02 0-025 0:03 
H” 
Fie. 59 


53. Triangular or V-Notch. In the case of a rectangular 
notch, it will be noticed that the total wetted edge of the notch 
does not vary directly with the head, as the length of the base 
is the same for all heads. Therefore, the coefficient of con- 
traction, which depends on the length of wetted edge, is not a 
constant for all heads. But in the case of a triangular notch, 
there is no base to cause contraction, which will be due to the 
sides only. The coefficient of contraction will, therefore, be ` 
a constant for all heads. For this reason, the triangular notch 
is the most satisfactory type for measuring the quantity of 
water flowing. 
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Consider the triangular notch in Fig. 60. 
Let H = height of water surface 
and 6 = angle of notch 


Then, width of notch at water 


surface = 2H tang 


Consider a horizontal strip of the 
notch of thickness dh and of depth h. 


Width of strip = 2(H - h) tan 2 
Theoretical velocity of flow through 
strip = / 2g h Fria. 60 


Discharge through strip = 2(H - h) tans dh V2ghC, 


Total discharge through 


= 6 H a 
notch = 2 0; Vatan | (H —h)h* dh 


O ere ee O A] 
=20,V%tang| 5 anh | 


8 a om 
Smp V2g tanz H 


Assuming Ca ~ 6, 
Discharge = 2-56 tans H’ sh, earl) 
For a 90° notch, tan = 
Then, discharge = 2:56 H’ ‘ é E2) 


EXAMPLE 1. 


In order to find the constant for a 90° triangular notch, the discharge 
through the notch was measured for different heads. The following readings 
were obtained— 


Head in feet -0407 |0491 |0550 |-0692 | -0798 |-0919 | -101 


Discharge in cubic 
feet per second {| *00095 | -00156 00207 | -00361 | 00490] 00702 | -00867 


Find the constant for the notch and the value of C4. 
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8 5 
As discharge for a 90° notch = I5 Ca V2% H 


Q =k 
8 has 
where k = jg Ca V/ 2g 


0 9-001 0-002 0-003 
p 


Fic. 61 


A straight line should, therefore, be obtained by plotting Q 
and H*, This has been done in Fig. 61; it will be noticed 


that the points lie approximately on a straight line passing 
through the origin. 
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From point P on this straight line, 


Q -0055 
Bee soggy 27 
Then Oe 27 E 
8 
As k= TE Ca Vv 2g 
2°75 
Cy 2 lo = 6042 
~ 9/29 x! x cc 


EXAMPLE 2. 

A trapezoidal notch has a base L and a head H, the sides make an angle 
of 0 to the vertical. Deduce an expression for the discharge through the 
notch. 

A notch of this type may be divided into a rectangular 
notch of breadth L, and a triangular notch subtending: an 
angle of 20. Then, the total discharge may be found by 
adding together the discharges from these two. 

Discharge through 2- a 

rectangularnotch {= 3 Ca V29L H 

Discharge through 

triangular notch 


: 2 wn os n ¢ 
Total discharge aa Ca V2¢L H” + Tp Va V/ 2g tan 0.H? 


sf 8 
= 0, vym (4L + 7g tan 0.1) 


This may also be obtained from first principles by producing 
the sloping sides to their point of intersection, and integrating 
between the limits of the head H. 

54. Thomson’s Principle of Geometric Similarity. Geometric- 
ally similar weirs or notches may be defined as notches which 
may be represented by drawings of the same notch but to a 
different scale. The discharge through similar notches will 
depend on their linear dimensions raised to power of 4. 

Consider two similar triangular notches. 

Discharge oc area x velocity 

But, area oc H? 

and velocity œ VH 
Then, discharge o H? x VH 
= kH' 


8 2s 5 
= pCa /2g tan 6.H® 
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The constant k should be the same for all similar notches. 

In the case of similar rectangular notches, let the breadth 
of the notches be L and nL, and let the corresponding heads 
be H and nH. 

Then, 


discharge of one weir (area X velocity) of one 
discharge of other (area X velocity) of other 


_ nb x nH x Vn 
LxHxw7H 


5 
=s fH 


55. Francis’ Formula for Rectangular Weirs. An empirical 
formula for the discharge of 
a rectangular weir is given by 
Francis as— 
Q = 3:33(L--1 nH)H? 
cu. ft. per sec. 
where L = total breadth of 
weir in feet 
H = head in feet 
and n = number of end 
contractions 
For a simple rectangular 
weir, n = 2. Fora large weir 
which is split up into bays by 
vertical posts, n will depend 
on the number of bays into which the weir is divided. 
Although Francis deduced this formula experimentally, it 
can be proved to be quite rational. As the water flows over 
the weir, the vein is contracted at the sides (Fig. 62) by an 
amount which is found, experimentally, to average -1 H for 
each side. If there are two contractions, as in the case of 
Fig. 62, the effective breadth of the weir is (L- 2H). If 
there were n contractions the effective length would be 
(L--1n H). 
Substituting the effective length in Equation (1), Art. 52, 


Fig. 62 


2 ; 
Q =3 Ca V 2g (L --1n H)H’ 
Assuming Ca = -623, 
Q = 3-33 (L--1n H)H' 
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If the end contractions are suppressed, as in the case of a 
weir having the same width as the channel by which the water 
approaches, will be zero. 


Then, Q = 3:33 L H? 


EXAMPLE. 


Show that a rational formula for the flow Q over a rectangular weir of 

width B can be expressed as 

Q = A (B -C H) H?” 
where H is the depth of water at a point near the weir which is not affected 
by the curvature of the surface. 

In a rectangular weir, 5 ft. in breadth, the discharge is 5:91 cu. ft. per sec. 
when the head of water is -51 ft., and is 14:99 cu. ft. when the head is 
ʻ96 ft. Find the values of the constants in the above expression, and estimate 
the discharge when the head is «75 ft. (London Univ.) 


This is Francis’ formula. Substituting the values of B 
and H in the given two cases, 


5:91 = 4(5 -C 51)51 Žž . . CE) 

also, 14209 ee 0 0 a a (2) 

From (1),. 16:2 = 5A--51 AC . ; : om (3) 
From (2), 16:0 = 5A--96 AC 


Subtracting, 2 = -45 AC 
2 


Then, G= ‘ABA 
Substituting in (3), 


-16-2 = 6A —-51A X -zi 


-454 
= 5A — -2265 
A = 3-29 
2 
and, C AIRE 135 
Then, Q = 3-29 (5--135 H)H’ 
When H => -75 ft., | 
Q = 3-29 (5-101) 75° £ 


= 10:46 cu. ft. per sec. 
5—(T.5167) 


NS 
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56. Bazin’s Formula for Rectangular Weirs. Another type 
of equation used for obtaining the discharge over a rectangular 
weir without end contractions is known as Bazin’s formula. 
Using Equation (1), Art. 47, 


2 = 3 
= m Vg LFP, 
where m=z 0a 


The coefficient m was found by Bazin to vary with the head 
its value being obtained from the following equation— 
-00984 

H 


m = 405 + 


EXAMPLE. 
Find the discharge, using Bazin’s formula, for a rectangular weir with end 
contractions suppressed, when the head is 6in. and the length 4 ft. i 
ASPH =D, 
-00984 


m = 405 + 5 


= 42468 
Discharge = m VgL H 


= -42468 x V2g x 4 x (5% 
= 4-82 cu. ft. per sec. 

57. Velocity of Approach. If the area of the channel through 
which the water approaches the weir is larger than the weir 
itself, the water will have a velocity on reaching the weir 
known as the velocity of approach. This velocity may be 
‘ assumed to be uniform over the whole weir. 

Let A = cross-sectional area of channel behind weir 
v, = velocity of approach 
° Q = discharge over weir in cu. ft. per sec. 


Then, as quantity of water passing over weir per second 
equals quantity flowing along channel per second, 


Q 
Vy WA 
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The quantity Q is determined, as a first approximation, from 
the ordinary weir equation, ignoring the velocity of approach. 


ae 

Additional head due to velocity of approach = = and 

acts over whole of weir. 2g 
Consider the horizontal strip of the weir in Fig. 57. 


Discharge through strip = Ca V2gh x Ldh 


Bos 
2g 
Total discharge = OVL T h? dh 


As the value of v, was obtained only approximately in the 
first case, it should be corrected to suit the new discharge 
obtained from Equation (1). Then, by substituting this new 
value of v, in Equation (1), a more accurate value of the actual 
discharge may be obtained. If the value of v, is small, this 
correction of the first approximation will make very little 
difference to the discharge obtained from Equation (1). 

Francis’ formula for velocity of approach becomes— 


2\ 2 
a) = Rae, Hy) fH- (2) | 
2 
where H, = i + H, and is known as the still water head. 


From the results of experiments, Bazin found that the 
discharge could be obtained by increasing the actual measured 
2 


v , A 
head, H, by the amount a =e , where a is a constant having a 
mean value of 1-6. g 


~ 
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Then, equivalent static head, or still water head 
=H 
= H, 
Bazin’s formula then becomes— 
ped av,;?\2 
Q=m V3 L(H = | 
g 
-200984 


where m = 405 + H 
1 


EXAMPLE. 
Find the discharge over a weir 10 ft. long under a measured head of 2 ft., 
if the channel approaching the weir is 20 ft. wide and 3 ft. deep. 


First find the discharge, ignoring velocity of approach. 
Using Francis’ formula, 


Q = 3:33(L- -2H)H’ 


3-33 (10 - “4)2° 


|l 


= 90-4 cu. ft. per sec. 


Q 90-4 
AEN 1-51 ft. per sec. 


2 
Still water head = H, = H + = 


1:51? 
== 2 
F 2g 


= 2-035 ft. 


Substituting in Francis’ formula for velocity of approach. 


Q = 3-33 (L --InH,) (a - ear 


2\ f 
3°33 (10 - 407) fa 035° —- (= ) 


I 


= 93-0 cu. ft. per sec. 


_ In this example the value of v, is so small that no adjustment 
is necessary. 
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58. Time of Emptying Reservoir with Rectangular Weir. 


Consider a reservoir of area A sq. ft. in plan from which water 
is flowing over a rectangular weir of breadth L. It is required 
to find the time taken for the water level in the reservoir to 
fall from a height H, to a height H, above the level of the sill. 
Suppose at any instant the height of water level above the 
sill is A. Then let a small quantity dq flow over the weir in a 
time dt, and let this cause the water level in reservoir to fall 
by amount dh. As dh is measured downwards, it is negative. 


2 3 
Discharge through weir = dq = 3 Ca V 2g Lh’ dt 


Discharge from reservoir = dq = — A dh 
2 — 3 
Then, 3 Ce V2gLh' dt = — A dh 
| A dhh* 
And, Ne = 
20, V2gL 
T A H, 
Total time = T f 30, V 99 L if 
0 Ja, 
H 2A i H, 
z 304 a ja 


2A D 
~ 90, LE Bt) 
If Bazin’s coefficient is used, this equation becomes 
2A el 
Ae mV 29 L leat) 
Using Francis’ formula the equation becomes 
2A l l 
= aT D E) 
the value of H being taken as a mean of H, and H,. 
EXAMPLE. 


Show that the discharge over a sharp-edged V notch is theoretically 
proportional to the head raised to an index power of 2:5, 
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harp-edged V notch inserted in the side of a rectangular tank, 12 ft. 
ee Raa fe bioad: gives a calibration Q = 2:64 H*-5 where Q is measured 
in cubic feet per second and H is measured in feet. Find how long it will 
take to reduce the head in the tank from 12 in. to 1 in. if the water discharges 
freely over the notch and there is no inflow into the tank. (London Univ.) 


Consider the water level at any instant to be h ft. above 
bottom of notch. Let small quantity dq flow through in 
time dt, thereby reducing water level by dh. 


Then, dq = 2-64h*? dt 
Also, dq = —A dh (as dh is negative) : 
Therefore, 2:64 h?° dt = —Adh 
0 eae A dh 
í 2-64 175 


F A iz 
ime = T= = i | hah 
Total time = T dk dt F 
0 


Seza AN 
Bee alar a) 

oe oA A 
gS TBA \ 00g s 
= 8-2 mins. 


59. The Syphon Spillway. It is necessary with reservoirs to 
have an automatic device for keeping the water level in them 
at a constant height. The simplest way is to fit a weir at the 
side, with the sill at the same height as the required water 
level. An increase in the water level will then cause the excess 
water to flow over the sill into the overflow channel below. 
It will thus flow away to waste. As the discharge by this 
method is due to the head over the sill only, the method is 
not sensitive unless the weir is very long, which is not a prac- 
tical proposition. 

A more sensitive method is to fit syphon spillways to the 
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reservoir; these employ the whole head between the reservoir 
level and the water level in the overflow channel, thus creating 
a high velocity and a consequently large discharge. 

A cross-sectional view of an automatic syphon spillway is 
shown in Fig. 63. It consists of an ordinary weir sill sur- 
rounded by an air-tight cover. as shown, thus converting the 
discharge face of the weir into a large rectangular-sectioned 
pipe. 

As soon as the water level in the reservoir rises above the 
sill A by a measurable amount, the water flows over the sill 
and strikes the inside of the cover, thus completely filling the 


Fie. 63.—AUTOMATIO SYPHON SPILLWAY 


cross-section of the pipe. The air is now trapped in the upper 
portion of the cover B, and is immediately sucked away by 
the stream of flowing water. This causes a negative pressure 
at B which sucks up the water from the reservoir and com- 
pletely fills the pipe; the syphon action is thus started. The 
water will now rush down the pipe to waste, with a velocity 
caused by the total head H, thus causing a large discharge. 
Had this operation been performed by an ordinary open weir, 
the velocity of discharge would have been due to the small 
head h only, and would have been consequently very small. 

It will be seen from this that the syphon spillway has a much 
greater discharge for a given length than an ordinary open 
weir, as it utilizes the whole difference of head between the 
reservoir and the overflow channel. 

Sometimes several syphon spillways are fitted side by side 
with their sills at different levels. Then, for a small rise in 
water level, the lowest spillway only is in action. If this 
discharge is not sufficient to maintain the correct level, the 
water in the reservoir will rise higher and thus bring the next 
spillway into action. 
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Let A, = area of cross-section of spillway pipe, sq. ft. 


H = difference in water level of reservoir and overflow 
channel, in feet. ' 


Then, Q = 044, V2 H 
where Ca is the coefficient of discharge, to be determined by 
test. 

60. Broad-crested Weir. A weir having a broad sill is 
known as a broad-crested weir. The discharge of a weir of 
this type depends on the head H, the breadth 6, the length / 
of the sill; it will also depend on the roughness of the sill’s 
surface, on the viscosity; and on the temperature. 


Yi Ye i 
Vb he A Yi VUE, 
Fie. 64 


As the water flows over the sill there is a loss of head due 
to the frictional resistance. If the sill is very long, this resist- 
ance will be similar to that of the bed of an open channel. 

Let Fig. 64 represent the water flowing over a broad- 
crested weir and let h be the head of water at the downstream 
edge of the sill. Assume the sill is of sufficient length to allow 
the velocity of the water to be uniform throughout its depth 
at the downstream edge. Let this uniform velocity be v ft. 
per sec. 


2 
Then, neglecting losses, H = h + 7 


from which v = Vg(H =h) 
Then, discharge per sec. = Q = C bhv 
= Obh V yH =h) 
= C4V 29gb(Hh?2—h3)t . AE) 


where C4 is the experimental ‘coefficient of discharge for the 
weir. C4 will be a function of the head, the length of sill, the 
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roughness of surface, the coefficient of viscosity and of the 
temperature. Its value can be obtained only from test. 

_ From Equation (1) it will be noticed that the discharge 
is a maximum when (Hh? — h3) is a maximum. 


Hence, = = 2Hh — 3h? = 0 

or 2H - 3h = 0 

hence, . h = 2H 
Free Weir 


ee 


Fie. 65 
Substituting this value in Equation (1), (metre è) 
Q = 0,V 29 b RHV 4H Q= 171 Cd bH% 
= 3-090 ,bH? ‘ ; : an (2) 


If the sill is long, it is possible for a hydraulic jump to occur. 
The reason for the occurrence of the jump follows the same 
argument as in Arts. 88 and 89. 


61. Flow over a Submerged Weir. The discharge over a 
submerged weir can be obtained by dividing it into two hori- 
zontal sections, as shown in Fig. 65. The portion between 
the upstream and downstream water surfaces may be treated 
as a free weir; the portion between the downstream water 
surface and the top of the sill may be treated as a drowned 
orifice. 

Let Q, = discharge per sec. through the free portion of the 
weir. Consider a horizontal strip at h ft. below the upper 
surface and of thickness dh. Then, 


discharge through strip = dg = O, B V2gh dh 
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Integrating between the limits of the free weir, H, - H, and 0, 


ire (Hı- Hı) 
Q, = 0V YB if hth 
0 


(A, - Hy) 
= ae 29B [e] 
= 20V 29B(H, - H,)? 


Next consider the portion of weir below the downstream water 
surface. 

Let Q, = discharge per sec. through this drowned portion 
or weir. 

Treating this portion as a drowned orifice (Art. 39), 

Q = Oa X area X velocity 
= C, BH,V 2g(H, - H,) 
Then, total discharge = Q; + Q: 

The above simple solution can be applied if the values of 
C, for the two sections of the weir are known. The problem 
may be complicated by the formation of a standing wave 
(Art. 88) on the lower water surface. 


EXAMPLE. l 
A submerged weir spans the entire width of a rectangular channel 20 ft. 
wide, the sharp edge of the weir being 3 ft. above the bottom of the channel. 
Estimate the mean velocity of flow in the channel when the depth of water 
is 5ft. on the upstream side, and 3-25 ft. on the downstream side of the weir. 
Allow for the velocity of approach, and take C4 = 0-62 for the weir. (London 
Univ.) 
First the discharge over the weir is calculated, neglecting 
the velocity of approach, as explained in Art. 57. 
3 
Qı = 3Ca V 2gB(H, - H} 
= 2 x -62 V/64-4 x 20(2 - 25)? 
= 153 cu. ft. per sec. 
Qa = CaBH, V 29(H, - H3) 
= ‘62 X 20 x -25 V64-4(2 — -25) 
= 33 cu. ft. per sec. 
Total quantity = Q = Qi + Q; 
= 153 + 33 
186 cu. ft. per sec. 


I 
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Let v, = velocity of approach 


Q 
~ area of channel 
186 
~ 5 X20 
Now calculate the discharge over the weir using this approxi- 


- mate value of the velocity of approach. Then, as explained 
in Art. 57, 


my 


= 1-86 ft. per sec. 


2)\2 2\3 

@ = 10. VB {Hm -m +32} (E) | 
Ree even =p) 1 te AN 
= 2x evened x 20| f2- 25) + 35 2g ] 


= 212 cu. ft. per sec. 


Q = CBH [ Voge A) A 


= -62 x 20 x 25| verae- 25 at. 1-86 | 


= 38:3 cu. ft. per sec. 
Then, total quantity = Q = 9, + & 
= 212 + 38-3 
= 250-3 cu. ft. per sec. 


Mean velocity of flow in channel 


Q 


— area of channel 
250:3 

0b 

= 2-5 ft. per sec. 


EXAMPLES 5. 


(1) Find the discharge through a rectangular weir, 8 ft. wide, under a head 
of 8 in., when the side contractions are suppressed— 


l. By Bazin’s formula. Ans.—14:7 cu. ft. per sec. 
2. By Francis’ formula. Ans.—14'5 cu. ft. per sec. 

(2) A rectangular weir is 6 ft. broad and has a head of 2ft. 3in. Fin 
the discharge taking into account the two end contractions. ' 
Ans.—62°2 cu. ft. per sec, 
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(3) A rectangular weir, 20 ft. long, is divided into three bays by two 
vertical posts, each 1 ft. wide. Find the discharge when the head is 1 ft. 6 in. 


Ans.—104-7 cu. ft. per sec. 


(4) Find the discharge through a triangular notch under a constant head 
of 10 in. if the angle of the notch is 120°. Cg = °62. 
Ans,—2-94 cu. ft. 


(5) A stream approaching a waterfall having a fall of 60 ft., is gauged by a 
weir. The measured head over the weir is 11 in. and the length of the weir 
is 10 ft. The velocity of approach u is 4 ft. per sec., and, due to this, the 
15 u? 

Ooms 
available from the fall, assuming that 50 per cent of the energy can be used. 
(London Univ.) 


head may be supposed to be increased by Determine the power 


Ans.—165-2 h.p. 


(6) Obtain a formula for the discharge over a rectangular weir, taking into 
account the effect of lateral contractions. 

Determine the discharge over a sharp crested weir, 15 ft. long, with no 
lateral contractions, the measured head over the crest being 17:-9in. The 
width of the channel of approach is 25 ft., and its depth below the crest 
of the weir is 3 ft. (London Univ.) 

Ans.—93 cu. ft. per sec. 


(7) During a test in a laboratory, the water which has passed through a 
Venturi meter flows over a right-angled V notch, the head at the notch being 
registered. The larger diameter of the Venturi meter is 10 in., and the dia- 
meter of the throat is 4in. When a steady head over the V notch of -604 ft. 
is maintained, the difference of pressure head at the Venturi meter is found 
to be 1:075 ft, of water. Determine the coefficient of this Venturi meter 
on the assumption that the V notch results are correct, the coefficient being -60. 
(London Univ.) 

Ans.—k = -99. 


(8) A reservoir has an area of 100,000 sq. yd. and is provided with a weir 
15 ft. long ; find how long it will take for the level at the sill to fall from 
2 ft. to 1 ft. 

Deduce the formula you use and note any assumptions made. (London 
Univ.) 

Ans.—179-5 min. 


(9) State the principle of similarity and show how it can be used to prove 
that the discharge from a triangular notch is 


Q=CH' 


_ The compensation water from a waterworks of 12,000,000 gallons per day 
is discharged over a rectangular weir. Find the length of the weir if the 
head is not to be more than 15in. (London Univ.) 


Ans.—5:05 ft. 


(10) Explain why a sharp-edged V notch gives a coefficient of discharge 
which is practically independent of the head. (London Univ.) 


(11) Deduce an expression for the discharge over a triangular notch. 
What does this become if the angle of the notch is 90°? (A M.I. Mech. E.) 
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(12) Find the depth and top width of a triangular notch capable of dis- 
charging a maximum quantity of 25 cusecs and such that the head shall be 
3in. when the discharge is -2 cusecs. For a right-angled notch, c = 2°54. 
(A.M.I. Civil E.) 

Ans.—1-725 ft. 8-7 ft. 


(13) The following observations were made during measurements on a 
weir, whose crest “b” is 3 ft. Jong. 


Head “H tt. 


5 0-2 0-4 0-6 0:8 
. Q cub. ft. per sec. . | 0-846 | 2-34 | 4-24 | 6-48 


If the discharge is given by Q = K b Hn”, determine K and n. (A.M.I. Mech.E.) 
Ans.—K = 3:01; n = 1-49, 


(14) Deduce an expression for the discharge over a right-angled triangular 
notch. If the coefficient of discharge is 0-61, what will be the discharge 
under a head of 12in.? (A.M.I. Mech. E.) 

Ans.—2:6 cu. ft. per sec. 


(15) Deduce an expression for the discharge over a right angled triangular 
notch. If the coefficient of discharge is 0-61, what will be the discharge if 
the head is 18in.? (A.M.Inst. C.E.) 

Ans.—7-16 cu. ft. per sec. 


(16) Calculate the maximum discharge over a broad-crested weir of length 
12 ft. having no end contractions. The head above the sill of the weir is 
1-6 ft. and C, is -97. 

Ans.—72°8 cu. ft. per sec. 


(17) Find the discharge over a flat-topped broad-crested weir 100 ft. long 
with rounded entrance, when the up-stream level is 2-25 ft. above the crest. 
Deduce any formula used. Point out the limitations of the treatment. 
[Assume C4 = -66.] (London Univ.) 

Ans.—687-0 cu. ft. per sec. 


(18) Explain why the depth of the stream flowing over the top of a broad- 
crested weir is theoretically two-thirds of the height of the level of the water 
in the reservoir above the sill. 

If the ordinary formula for a rectangular notch, without end contractions, 
is used to give the flow across a broad-crested weir, what should be the value 
of the coefficient of discharge in this formula? (London Univ.) 


Ans.—V 3. 


(19) Show that the flow over a submerged weir is given approximately by 
the expressions, 
Q = 4 Ob V 29(H, - H, + h) : [2(H, + h) + H3), 
in which b is the width, H, and H, are the heights of the free surfaces above 
the sill, and h is a supplementary head which takes into account the velocity 
of approach, C is a coefficient of discharge. State the assumptions made in 
obtaining the formula. (London Univ.) 


(20) Find the discharge over 100 ft. of broad-crested weir when the head 


is 3 ft. Prove any formula used. Assume O4 = -61. (I. Mech. E.) 
Ans.—980 cu. ft. per sec. 


CHAPTER VI 
FRICTION AND FLOW THROUGH PIPES 


62. Fluid Friction. Fluids in motion are subjected to certain 
resistances which are assumed to be due to friction. For 
convenience, they will be known, in what follows, as frictional 
resistances. Actually, these resistances are mainly due to 
viscosity ; that is, to the resistance to sliding between two 
adjacent layers of the fluid. 

Viscous resistance is a shear resistance and is probably due 
to overcoming the tension between the particles on a plane 
inclined to the plane of shear. The resistance would then be 
equal to the components of this tension, in the plane of 
shear. It has been suggested that the resistance of a fluid to 
tension is due to molecular attraction ; in which case, the 
apparent frictional resistance of a fluid is primarily due to 
this cause. 

It is found that the motion of a liquid is a steady stream 
line flow for low velocities only. After a certain velocity is 
reached the motion is no longer steady and eddy currents 
appear. The velocity at which the flow changes from steady 
flow to eddy flow is known as the critical velocity. 

For liquids moving with a steady stream line motion, that 
is, before the critical velocity is reached, the frictional resistance 
obeys certain laws; this is known as a stream line flow. But 
once the critical velocity is passed, there is a distinct change in | 
many of these laws. 

For steady stream line flow the frictional resistance is— 


(1) Proportional to the velocity. 

(2) Independent of the pressure. 

(3) Proportional to the area of surface in contact. 
(4) Independent of nature of surface in contact. 
(5) Varies greatly with the temperature. 


On account of (4), it is inferred that when a liquid is flowing 
past a surface with a velocity less than the critical velocity, a 
film of stationary liquid is formed over the surface; the 
resistance is then due to viscosity only. 


132 
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For unsteady flow beyond the critical velocity, the frictional 
resistance is— 


(1) Proportional to the square of velocity. 

(2) Independent of pressure. 

(3) Proportional to density of fluid. 

(4) Varies only slightly with the temperature. 
(5) Proportional to area of surface in contact. 
(6) Depends on nature of surface in contact. 


This type of flow is known as a turbulent flow. 

63. Froude’s Experiments. The frictional resistances of 
surfaces moving in water were investigated by Froude.* An 
experimental tank, about 300 ft. long, containing water was 
used. Thin wooden boards were towed endwise in this tank 
by connecting them to a carriage running on rails at the side. 
The carriage was hauled along at various speeds by means of 
a wire rope passing around a drum, the force required to tow 
the boards. being measured. Boards of lengths varying from 
2ft. to 50 ft. were used, their surfaces being covered with 
varnish, tinfoil, calico, and sand, in turn. 

From the results of these experiments Froude concluded— 


(1) The frictional resistance varies approximately with the 
square of the velocity.t 

(2) The frictional resistance varies with the nature of the 
surface. 

(3) The frictional resistance per square foot of surface 
decreases as the length of the board increases, but is constant 
for long lengths. 


The explanation of this last conclusion is that the relative 
velocity between the water and the board is greater at the 
front edge. The water is at rest when cut by the front edge, 
but is dragged along with the board once the front edge is 
passed. This causes the mean relative velocity to be greater 
with a short board than with a long one. For this reason, the 
frictional resistance per square foot may be taken as constant. 


Let f’ = frictional resistance per sq. ft. of a given surface 
at unit velocityt 
A = area of wetted surface in sq. ft. 
V = velocity of surface in ft. per sec. 
* British Association Reports, 1872-1874. 


+ Actually f’ will vary with the temperature, the velocity, and the length 
as shown in Chapter XII. 
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Then, total frictional resistance = f’ A V” 
Assuming the index n = 2, 
total frictional resistance = f’ A V?. ; TA 


64. Resistance of Ships. The resistance of a ship to motion 
is due to the frictional resistance of its wetted surface and to 
head resistance. The latter will depend on the shape of ship 
and can be reduced by making the immersed portion of the 
ship a stream line form. The energy utilized in overcoming 
the head resistance is wasted in the formation of waves, known 
as the wash, and is eventually lost in friction. The best stream 
line form for a ship will depend on the speed and on the 
density of the fluid in which the ship is immersed. The stern 
should be more tapered than the bow, fast ships should be 
more tapered than slow ones, whilst an airship, which travels 
in a much lighter fluid, need not be tapered as much as a sea- 
going vessel of the same speed. The best form of ship can only 
be determined by experiment, and it is usual, before building 
a ship, to make a small model of the same proportions and to 
measure its resistance in an experimental tank. By so doing, 
the head or wave resistance of the proposed ship may be 
calculated from that of the model.* 

Total resistance of ship=frictional resistance + wave resistance. 

Let R, = frictional resistance of ship 

R„ = wave resistance of ship 
and Rk = total resistance of ship 

Then, R = R+ Ro 


Let f: = frictional resistance per sq. ft. of ship at unit 


velocity 
A, = area of wetted surface of ship 
and V, = speed of ship 
From Equation (1), Art. 50, 
Ry J f 3A, Vie 


then R= R-f,A,V; 


It is known from experiments with ships that the wave 
resistance of a ship is in proportion to the square of the speed 
and to the wetted surface area, and may be calculated from 
the wave resistance of the model.+ 


* For a fuller account of the resistance of ships see Sir William White’s 
Naval Architecture. 


+ See also Art. 146. 
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Let fm = frictional resistance per sq. ft. of model at 
unit‘ velocity 
A,, = area of wetted surface of model 
Vim = speed of model 
r = total resistance of model 
r, = frictional resistance of model 
fw =- Wave resistance of model 
Then, Tre = r-r 
= 7 — fin Am V me 


The model is made the same form as the ship and, therefore, 
represents the ship to a given scale. Let n be the ratio between 
the linear dimensions of the ship and model. 


Then, A, = 7024, 
The speed of the model should be = V., in order to compare 
n 


with that of the ship. This is known as the corresponding 
speed.* 
Or, V, = Vn Vm 
As the wave resistance is in proportion to the area and to 
the velocity squared, 
RR EVN A VE NAA, 
a (7i) Am Vm Am 
= n* t : ; ? , SERRO) 
B fA, V, fin AnnV?n 
fn mAmV’m fmAmV’m 


But, 


Substituting in Equation (1), 


Ror, fen = wt (r — 17) 


Then, R= mfr tr ( f- 1) : ; oa. (2) 


If the surface of the model is the same as that of the ship, 
fı = fm. Equation (2) then becomes 
R= 1r 


* For explanation of this see Art. 146. 
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With ships of similar form and of the same surface, and 
using notation of Art. 63, 
total resistance = frictional resistance + wave resistance 
= F I? V2 +¢eL* V2 
where c is a coefficient depending on the form and L is the 
linear dimension. 
Then, total resistance = (f’ + c) L? y? 


resistance X V 
Horse-power == =n = 


550 
where resistance is in pounds and velocity in feet per second. 
CE a 
Then, horse-power = ET y 
=R 


where k is a constant for the type of ship considered. 

The same laws will hold for any other fluid ; this will be seen 
from the curve in Fig. 66. This curve was plotted from the 
maximum speed and maximum horse-power of nine rigid air- 
ships, covered with the same material and of almost similar 
form. There was a considerable variation in their sizes. 
As the horse-power equals k L? V3, a straight line passing 
through the origin should be obtained if the horse-power 
is plotted against L2 V3. The slope of this line gives the 
constant k. This has been done in Fig. 66; it will be noticed 
that the points lie approximately on a straight line, thus | 
proving the above laws to hold. 


EXAMPLE. 


Show how the total resistance and the power required for propulsion of a 
ship can be deduced from experiments on a scale model. Determine the 
indicated horse-power to drive a ship 300 ft. long, having 13,500 sq. ft. wetted 
surface, at 20 knots, if the resistance of the model, one-sixteenth the size of 
the ship, is 20 lb. at the corresponding speed. Take f for the ship as -0091, 
and for the model -0094, and assume that 60 per cent of the I.h.p. is available 
for propulsion. [l knot = 1-69 ft. per sec.] (London Univ.) 


A, 13,500 
Area of wetted surface of model= Apm = aa OJ 
f W X 
Corresponding speed of model = = — knots 


FRICTION AND FLOW THROUGH PIPES 137 


Assuming the units of f’ are for velocities in knots, 


frictional resistance of model = Fi ee ae 
13,500 20\2 
TE, (F) 
= 12-4 lb. 


0 100 200 300 400 500 600 
LEV? (thousands) 


Fre. 66 


Then, To = 20 — 12-4 == 7-6.1b, 
Using Equation (2), 
Total resistance of ship = fr + „($ 1){ 


0091 \) 
3 . = 
16 }20 ae (Toa 1)| 


= 80,100 lb: 


Il 
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RV i. 2100 
Horse-power = 550 X 60 
80,100 x 20 x 1:69 x 100 
ir 550 X 60 
= 8,200 


65. Friction of Revolving Disc. Froude’s experiments gave 
w the true coefficient of friction only 
Teire when very long boards were used. 
Professor Unwin overcame this 

difficulty by revolving a disc at a 

known speed in the liquid and 

obtained the coefficient of friction 

ya of the disc’s surface by measuring 


the work done. 
Consider the disc in Fig. 67. 
Let œ = angular velocity of 


disc in radians per second 
r = radius of disc 
and u = coefficient of friction 
at unit velocity* 
Then, frictional force = u X area X (velocity)? 


Consider a thin ring of the disc of a radius x and let thickness 
of ring be dg. 


Fia. 67 


Area of ring (both sides) = 4r xdg 
Tangential velocity of ring = œw% 
Frictional resistance of ring = u X 4r xdr X wx? 
Moment of resistance about 
centro = 47 E ORT xX x 
Total moment of disc = dm a? i; xi dx 
4 o 

= 5 Tu w? > 

Work done per second = Moment x angle turned 
through 
r aA w? r5 


* Actually u will vary with the temperature and velocity ; see Chapter XII 
on Viscous Flow. 
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If the frictional resistance is assumed to vary with (velocity )", 
this expression becomes 


dm wort! grt 3 
Work d a o 
ork done per second “ean 


66. Friction in Pipes—Hydraulic Gradient. Fluids flowing 
through pipes are subjected to a frictional resistance depending 
on the velocity, the area of the wetted surface, and the nature 
of the surface. In long pipes the frictional resistance is so 
large that all other resistances are rendered insignificant in 
comparison, and the total energy of the fluid is absorbed in 
overcoming it. The energy lost in overcoming the frictional 
resistance is expressed in feet of water and is known as the 
head lost in friction. 


Fia. 68 


Consider water to flow through a long pipe from a reservoir A 
into a reservoir B (Fig. 68). Take the line xx through the 
water level in B as the datum line. Let H be the height of 
water in A above datum, and let | be the length of the pipe. 
If p is the intensity of pressure of the water at any section of 

3 . . P 
the pipe, the pressure energy at that section will be T 
Supposing the pressure energy of the water at all sections of 
the pipe are plotted as vertical ordinates, using the centre 
line of the pipe as a base line, a straight sloping line a 6 will be 
obtained. This line falls off uniformly from A, as there is a 
uniform loss of head due to friction as the water flows along 
the pipe. This line is called the hydraulic gradient, and its 
slope is equal to the total loss of head divided by length of 

ipe. 

5 is practice the slope is small, so that either the sine or the 
tangent may be used as the slope of the hydraulic gradient. 
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slope of pressure energy line a 6 


E 
|l 


and h = total head lost 


Then, slope of hydraulic gradient = 1 = T and is known as 
the vertical slope. 

It will be noticed that if the pipe is uniform and if the 
whole of the available head is lost in friction, the slope of the 
hydraulic gradient will be the difference of level of water 
surfaces divided by length of pipe. 

Next consider the pipe line shown in Fig. 69. A and B are 
two reservoirs separated by a hill; a uniform pipe is laid over the 


Fie. 69 


hill so that water from A may flow into B. Fig. 69 is drawn 
to greatly enlarged vertical scale ; actually, the length of the 
pipe may be taken as the length of its horizontal projection. 
As the pipe is long, the loss of head due to friction will be very 
large and all other losses may be neglected; hence, taking 
the water level at B as datum, the water will lose energy at 
a uniform rate from the water level in A to the water level in 
B. From this it follows that the hydraulic gradient will be 
a straight line joining the water surface in A and B. 

The pressure energy at any section of the pipe will be repre- 
sented by the vertical distance between the hydraulic gradient 
and the pipe centre line at that section. If the hydraulic 
gradient is above the centre line of pipe the pressure is above 
atmospheric ; if below the centre line of pipe the pressure is 
below atmospheric, 
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It will be seen from Fig. 69 that at C and D the water pres- 
sure is atmospheric, whilst between C and D it is less than 
atmospheric. The highest point of the pipe above the hydraulic 
gradient is Æ ; at this point the water pressure is least. If the 
absolute pressure at E is less than 8 ft. of water, or 26 ft. 
vacuum, separation will occur, for at this pressure the water 
commences to vaporize, large bubbles of gas will occur causing 
the flow to cease. It follows from this that engineers 
must lay their pipe lines so that no section of the pipe will 


TOTAL ENERGY LINE 


HYORAULIC GRADIENT 


Datum 
Fie. 70 


be more than 26 ft. above the hydraulic gradient at that 
section. 

A pipe which rises above its hydraulic gradient is known as 
a syphon. It will be noticed from Fig. 69 that a pipe may be 
above the hydraulic gradient and yet be below the water 
surface at A; such a pipe would still be a syphon. 

Consider next the short pipe line shown in Fig. 70. Let 
the water flow from A to B along a pipe of varying section 
abcd. At any section of the pipe the total energy of the 
water will be the datum head + the velocity head + the 
pressure head. Choose any horizontal line as the datum line, 
and starting from the water level in A, mark off the losses of 
head in the pipe from all sources, to the same vertical scale as 
the figure. The line thus obtained is the total energy line, 
and is shown dotted. The height of this line above the datum 
line, at any section, will give the total energy of the water at 
that section. 
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Let v; = velocity of flow in a b 
v, = velocity of flow in bc 
v = velocity of flow in c d. 
The following are the losses to be taken into account— 


ae 
At a, a loss due to entrance to pipe = ‘5 5- 


29 
Between a and b a uniform loss due to friction 
= zi ; a (Art. 67) 

At b, a loss due to sudden contraction = +5 z 

EN b and c, a uniform loss due to friction. 

At c, a loss due to sudden enlargement = Ce 

Between c and d, a uniform loss due to friction. 

At d, a loss due to velocity head being destroyed = 


- The sum of all these losses will equal the difference of level 
between the water surfaces in A and B. 

As the height of the hydraulic gradient above the centre line 
of pipe represents the pressure head of the water, it follows 
that if the velocity head is deducted from the total energy 
line the hydraulic gradient will be obtained. For, 


pressure head above / _ total energy above datum -— 
centre line of pipe ~~ velocity head. - 


OP 


Velocity head between a and b = 39 


2 
Velocity head between b and c = z> 


Velocity head between c and d = r 
These amounts have been subtracted from the total energy 


line of Fig. 70 and the full line representing the hydraulic 
gradient is obtained. 
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It will be noticed that if the diameter of the pipe b c is much 
smaller than that of c d, the velocity v, will be large compared 
with v; hence the hydraulic gradient of the pipe cd may be 
higher than that of bc. 

67. Loss of Head Due to Friction in Pipes. A rational for- 
mula for the loss of head in a pipe due to friction may be 
obtained by assuming the experimental results of fluid friction 
to hold. 

_ Consider water flowing along a uniform horizontal pipe, of 
cross-sectional area A, with a velocity v. Let l be the length 
of the pipe and let the intensity of pressure be reduced by the 
frictional resistance from p, to p over the length l. 


Let f’ = frictional resistance per unit area at unit velocity 
P = wetied perimeter of pipe 
Resolving horizontally, 
pı = p, A + frictional resistance 
But, frictional resistance = f’ X area X v” 
Seg eee 
Therefore, (p;-p,) A =f Plv” 
Dividing through by the density of water w, 


Let h,= head lost due to friction 


The ratio z is called the hydraulic mean depth and is 


represented by m. 
J UDE 


Then, h, = RO 
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: : f 
Assuming n = 2, and as t = T’ 


FS 
3 = 
mw 
Or, v=CVmi - . - . . - (3) 
where C = iy r . 
This form is known as the Chezy formula, the constant C 
being found experimentally. 


Another useful form of this formula is obtained by expressing 
the head lost in terms of the velocity head. 


For a pipe flowing full, 


T 
ee 
S . Pa eee 
Substituting this in Equation (1), and assuming n = 2, 
4f 
A= FF v 
, _ fw 
Putting 552 
4flv? 
h; == d 29 . . . . . . (3) 


where fis a constant found experimentally.* 
~ This modified form of the Chezy formula is usually used for 
pipes running full, as it is convenient to have the frictional 
head lost in terms of the velocity head. 

Darcy found that the coefficient f of Equation (3) varied 
with the surface of the pipe and with the diameter, and gives 
the following formula for f— 

For new pipes, 


y l 
Ta 005 (1 +732) 
For old pipes, 


l 
poaa 
where d is the diameter of the pipe. 


* Actually f varies with the temperature, velocity, and di ji 
y p , t ; 
see Chapter XIT on Viscous Flow. a x ERS 
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In using Equation (3), care should be taken that all the 
dimensions are in feet and seconds units. 

Although Equation (3) is used by all engineers for calcula- 
tions on pipe flow, the results obtained can only be very 
approximate. As f varies greatly with the temperature it 
follows that there will be a large variation in the flow during 
the year, a greater flow being obtained in summer.* 


` EXAMPLE. 
Water flows through a pipe, 8in. diameter, 150 ft. long, with a velocity 
of 8 ft. por sec. Find the head lost in friction—(a) using the formula 
4flv? 
d 2g 
assuming f to be -0056 ; (b) using the formula v = C Vmi, assuming C = 106. 


4 X -0056 x 150 x 82 
(a) h, = =-=ųÁ— 


h, = 


: x 64:4 
12 
= 6-0 ft. of water. 
d : 
(b) mear. for a circular pipe running full 
hy 
aa 
Then, = 106 /4. Ay 
4 °° 150 
Squaring both sides, 
hy 
ri a 
Soe 200 lX 12x 4 X 150 
12 X 4 X 64 x 150 
Therefore, h; = ~ gx 11,200 


= 6-15 ft. of water. 


68. Reynolds’ Experiments on Flow Through Pipes. 


Reynoldst+ measured the loss of head in a pipe by measuring 
the fall of pressure over a known length of the pipe ; from this 
“7,” the slope of the hydraulic gradient, was obtained. For, 

h 
i= T 
* For results of experiments on pipe flow made by Darcy and others, see 


Barnes’ Hydraulic Flow Reviewed. ; 
t For Somplets account of Reynolds’ experiments, see Phil. Trans , 1883. 
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Reynolds’ apparatus is shown in Fig. 71. 
The velocity of the water in the pipe was obtained by 
measuring the discharge over a known time; then 


discharge per sec. 
v= —_ > r 
area of cross-section of pipe 


This was repeated for several velocities, and the results were 
then plotted as shown in Fig. 72, the base of the graph repre- 
senting v and the ordinate representing 7. The graph obtained 


was found to be a straight line up to a certain velocity, beyond 
this velocity the graph was curved. 
The graph is evidently following a law of the type 
"ave 


where k and n are constants. For the straight line portion 
of the graph, n equals unity. The value of n for the curved 
portion of the graph can be found by plotting log i and 


log v. 
For, i = ku” 


Then, log i = log k + nloøgv . treti - . (1) 


FRICTION AND FLOW THROUGH PIPES 147 
When v = 1, log v = 0, then log i = log k, from which the 


value of k can be found. 


Also, from Equation (1), n 


These logs are shown 
plotted in Fig. 73. For the 
portion of the graph over 
which n is unity the straight 
line AB was obtained ; the re- 
maining portion of the graph 
gave the straight line CD. 
The line BC, which joins the 
other two lines, follows no 
defined law and is due to 
the changing from one type 
of flow to the other. 

It follows from this graph 


_ logt- log k 
log v 
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that the flow of the water consists of two types— 
(1) a steady or stream line flow up to the point B, known as 


laminar flow ; 


D 


A 
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(2) an unsteady or eddy flow for the higher velocities beyond 
B. This is usually known as a turbulent flow. 
The point B, at which point the change from steady to turbulent 
flow takes place, is known as the critical velocity. 
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Thus, the line AB represents laminar flow and line CD 
turbulent flow. The line BO is a transition curve during which 
the flow changes from laminar to turbulent; the position of this 
line varies with the conditions at the entrance to the pipe and 
may move to the left or right if this condition is altered, but 
the slope of BC does not appreciably change. Reynolds 


Log V 
0-01 0:2 0:3 04 0:5 06 0-7 06 09 10 11 12 


-0-8 


Fie. 74 


concluded that the path HBC was due to the inertia of the water 
in changing from steady flow to turbulent flow and that the 
point Æ is the true critical velocity. The point Æ is known as 
the lower critical velocity, and is assumed to be the true 
critical velocity. 

Reynolds repeated these experiments with pipes of different 
diameters and with water at different temperatures. From 
these results he found that the value of the critical velocity 
varies inversely with the diameter of the pipe and inversely 
with the temperature of the water. 

These results hold for all other fluids; the value of the 
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critical velocity of any fluid will also depend on the density 
of the fluid and on its viscosity.* 

In all civil engineering problems on flow of water it is found 
that the velocities used are all above the critical velocity; 
and in ail large pipes, such as used in practice, the suffix “n” 
approximates to 2 which agrees with the practical friction 
formula given in Art. 67. 


EXAMPLE. 


An experiment was carried out on an 8 in. diameter wrought iron pipe over 
a length of 8 ft. The velocity of flow through the pipe was varied and the 
loss of head for each velocity was measured. The following values of i were 
obtained— 


v (ft. per sec.) 4:7 6:5 8:72 10:6 12:8 14:6 
ù 70134 -0250| 0425| 0629| -0975 AMAL 
Find the values of k and n in the formula i = kv” 
First plot log « and log v. 
logv . -672 ‘813 -941 1-025 1-107 1-164 
logan. — 1:873 | — 1-602 | — 1:371 | — 1:201 | -1:013 — +931 


These are shown plotted in Fig. 74. 
When log v = 0, log k = logt 


= -3-19 
= 4-8] 
Therefore, k = -000645 
logi—log k 
ua or log v 
— 2-6+ 3-19 
ca -302 
= 1-955 


Then, 4 = -000645 y1-955 


69. Determination of Critical Velocity. Besides the method 
given in Art. 68 there are two other methods of obtaining the 
critical velocity of water. Pa 

(a) Cotour Banps (Reynoups’ Mernop). The critical 
velocity may be determined by allowing water to flow through 
a glass tube and injecting a thin stream of coloured liquid into 
the centre of the stream (Fig. 75). As long as the velocity in 

* See Chapter XII on Viscous Flow. 
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the glass tube is below the critical velocity, the colour band will 
remain a thin straight line flowing along the centre of the stream. 
But for velocities above the critical velocity. the coloured band 
is broken up by eddies and mixes with the water, as in Fig. 76. 

(b) CHANGE OF TEMPERATURE. Barnes and Coker* deter- 
mined the critical velocity by measuring the temperature 
of the stream for various 
velocities. As the frictional 
resistance below the critical 
velocity is proportional to v 
and, above the critical velocity, 
to v”, it follows that more 
heat will be generated above 
the critical velocity. If the 
temperature of the water is 
plotted on a base representing the velocity, the curve will 
become much steeper beyond the critical velocity, as shown in 
Fig. 77. The critical velocity will 


ess by the kink in the - MIM 


70. Distribution of Velocity in 
a Pipe. The velocity of water 
flowing along a pipe will vary at different points of the cross 
section, its magnitude depending on the radius. The velocity 
of flow at any radius 
may be measured with 
a Pitot tube. It is 
found that the velocity 
is a maximum at the 
centre and a minimum 
at the circumference. 
The variation is shown 
Critical Velocity in the curve of Fig. 78, 
the velocity being 
plotted horizontally on 
the diameter of the 
v ; pipe as a base. 
j Dies y It is found that the 
maximum velocity is about 1-2 times the mean velocity. 
_ 71. Flow through Long Pipes. The velocity of water flow- 
ing through a pipe may be found by applying Bernoulli’s 
* Proceedings of the Royal Society, Vol. 74. 


Frc. 76 


Temperature 
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equation to the two ends of the pipe and allowing for any loss 
of head in the pipe. In all such problems the most convenient 
formula for the frictional head lost is 


as it is necessary to express all unknown terms as a function 
of the velocity head. 
Suppose water flows from 

a reservoir A (Fig. 79) under 
a constant head H, into a 
reservoir B in which there is 
a constant head of H,. Let 
the height of centre of pipe 
at A be Z,, and at B be Zs. 
Let v be the velocity of flow 
through the pipe, l be the 


| Maximum Velocit 


pn 


length, and d the diameter. i Fic. 78 
4flv? 
Then, h; — ade 2g s 


and, head lost at entrance of pipe = oT 


Applying Bernoulli’s equation to points just beyond each 
end of the pipe, a 


H,+%4,=Hs+ o + 7 g Y 


2 
The term z will be lost on entering B. 


6—(T.5167) 
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It will be noticed that (H,+2Z,)-(H,+2,) is the 
difference in level of the water surfaces in A and B; hence, 


difference in level v 4 fl 
of water surfaces Lia eon 


2g 

From this equation the unknown velocity may be obtained. 
If the pipe is long, the head lost in friction will be very large 
compared with the head lost at the two ends of the pipe ; 
in which case the latter may be neglected. 

If the pipe in Fig. 79, instead of discharging into the 


Fia. 80 


reservoir B, discharged into the atmosphere, the equation 

would then be 

DW a Ae O 

HEA 4 an Zg da or 

the last term being the velocity head of the discharging water. 
This may be written 


v 4 fl 
(ge ae IS ot 
2g (: ad ) 
where H is the height of water level in A above outlet of 
pipe. 
Suppose water flows from a tank through a pipe of which 
the diameter is varied as in Fig. 80. 
As quantity of water flowing per second is constant, 


T 
vgt’ = T 


2 
then, vı a Vg (2) 
1 
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Head lost in friction in large pipe = “he ly 1 
g 


4 
cree 
dı 29 


4 fl, v? 
da 2g 


Elsah 


Applying Bernoulli’s equation to rer just ae on 
end of pipe, 


Head lost in friction in small pipe = 


Total head lost in friction . = iG 


H= = 


+5 — 4 head lost in friction +head lost at contraction 


$ al 
dı ty Lua 
= Vg" Og A eee ar 


2g . 

From this equation, the velocity v may be found. If the 

pipe is long, the velocity head, the head lost at entrance, and 

the head lost at the sudden contraction may be neglected as 
small. 


EXAMPLE l. 


A cast-iron pipe, 6 in. diameter and 1,500 ft. long, connects two reservoirs. 
If the difference of water level in the two reservoirs is 96 ft., find the discharge 
through the pipe; f =-01. Ignore all losses other than friction. 


Total head = velocity head + head lost in friction 


i 4 X -01 x 1500 
e 


v 
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64-4 X 96 
fee ee ee 
Then, v 121 51-1 


v = 7-15 ft. per sec. 


; 7 \ 
Discharge = i (5)? X 7-15 = 1-4 cu. ft. per sec. 
EXAMPLE 2. 

Two reservoirs are connected by a straight pipe 1 mile long. For the first 
half of its length the pipe is 6in. diameter; its diameter is then suddenly 
reduced to 3in. The surface of the water in the upper reservoir is 100 ft. 
above that in the lower. Tabulate the losses of head which occur, including 
that at the sharp-edged entry, and determine the flow in gallons per minute. 
Assume f = -01. (London Univ.) 


Let v, = velocity in 6in. pipe 

And v = velocity in 3in. pipe 

As quantity of flow is the same in both pipes. 
T 


4 (25)? Us 


7 
ve (5)? vi 


Vs 
Then, v =— 


4 
5 yt 2 
Head lost at entrance =+ = -03125 22 
2g 2g 
Ra Tr Sond hee cate 4 3 
Head lost in 6 in. pipe due to friction = fen 
_ 4X 01 K 2640 x v2 
in 5 x 16 X 2g 
GE 
= 13-2 — 
2g 
: 5 va? 
Head lost at sudden contraction = 9 
g 
EELA ae flv? 
Head lost in 3 in. pipe due to friction = 
d, 2g 
_ 4X 01 X 2640 v, 
a 25 X 2g 
va? 
= 4225 
2g 
va? 


Head lost at exit = 
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2 
Total head lost = (03125 + 13-2 + -5 + 422 + 1) 


v 2 
= 436-73125 = 
29 


= 100 ft 


__ 64-4 x 100 


= 4736-73125 — 1*73 


v, = 3-835 ft. per sec. 


Discharge =7 (25)? X 3:835 x 60 X 6-24 
= 705 gallons per minute 
EXAMPLE 3. 


The difference of surface level in two reservoirs connected by a syphon is 
25 ft. The length of the syphon is 2,000 ft.; its diameter is 12in.; and 
f=:01. Ifthe barometric height is 34 ft. and if air is liberated from solution 
when the absolute pressure is less than 4ft. of water, what will be the 
maximum length of inlet leg of the syphon to run full, if the vertex is 18 ft. 
above the surface level in the upper reservoir? What will then be the 
discharge ? (London Univ.) 


The problem is represented by Fig. 69; E being 18 ft. 
above the water level in A. 


Let l = length of pipe between A and Æ. 


First find the velocity of water in the pipe by applying 
Bernoulli’s equation to points A and B, taking the water level 
in B as datum. 

v 4 f 2000 v? 


Then, 25 = X% a. og d 
v? (1 dcr 01 X ad 
= 2g + i 


From which, v = 4:45 ft. per sec. 


Next apply Bernoulli’s equation to points A and Ẹ, taking 
the water level in A as datum. The limiting condition for 
the pipe to run full is when the absolute pressure at H is 4 ft. 
of water. 
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Take into account the atmospheric pressure at A. 


Total energy at A = total energy at F. 


4= 18 v? 4 fies 4 
Hence, 34 = T Ogee 29 d + 
v? 4fl 
(4:45)? 4 x -0l ) 
Fags Las 
From which, b= 947 it: 
Discharge = area of pipe X velocity 
T 
Sr xX 1 x 445 


= 3-49 cu. ft. per sec. 


72. Parallel Flow through Pipes. Suppose water to be 
flowing along a pipe which, at a certain point, divides into 
two branches as in Fig. 81. Then, any particle of water will 
flow along the route ABD or the route ABC. 

bz 


~ Eag 


Fic. 81 


Let H,, Hy, and H, be the total head at A, D, and C 
respectively. 


Then, head causing flow along route ABD = H, - H, — head 
lost in friction. 


And, head causing flow along route ABC = H, - H, — head 
lost in friction. 


Let 1,,d, and v refer to pipe AB 


la d and v, refer to pipe BD 
and l3, dz and v; refer to pipe BC 
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Then, for route ABD, 


4a flyv,7 4fl, v2 HE 


De meee ge 5 Se a oy eae) 


Usually, the velocity heads given on the right of these 
equations are very small and may be written as zero. 

Also, quantity flowing per second through AB equals sum 
of quantities through BD and BC. 


Then, 0,0; =0,0" Em dy . ; : T3) 
From Equations (1), (2), and (3) the three unknowns v, vp, 


and v may be obtained. 


EXAMPLE. 


Two pipes A and B, each 6in. diameter, branch from a point C to a 
point D, which is 20 ft. below O. Pipe A is 300 yds. long and pipe B is 
500 yds. long. Water is supplied at O under a head of 100 ft. A short pipe 
3in. diameter is fitted at D. Find the delivery when this pipe is fully open 


to the atmosphere. Take v = 80 V mi for pipes A and B. (Lond. Univ.) 


Let v, vg, and v be velocities in pipes A, B, and 3 in. pipe 
respectively. 


Total head = 100+ 20 = 120 ft. 


Consider pipe A. 


Then, hy = 1:125 v,? 
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Consider pipe B. 
Lv ty 
v, = 80 ue x 1500 
Then, sh, = 1:875 4,7 
As pressure at C and D is the same in both pipes, 
_ 4 1-125 9,2 = 5 4+ 1:875 vp? 


from which, 0,== 1:285.0, ; ; AE 


Consider route B, 


2 
Total head = i frictional head lost in B 


2 
Or, 120 = 4 1-875 vp? ‘agile ag ea 


Also, quantity flowing through 3in. pipe equals sum of 
quantities through A and B. 


That is Z (25)? v => (5)? (v, + vs) 


Substituting from Equation (1), 
v = 4(1:285 v, v) = 9-14 v, 
Substituting in Equation 2, 


9-14 


from which, v = 656-2 ft. per sec. 


v? NE 


mT 


Discharge = T (25)? X 56-2 = 2-76 cu. ft. per sec. 


73. Time of Emptying Tank through Pipe. Let a reservoir 
or tank be emptied by means of a long pipe of length l and 
diameter d. Let the area of water surface in the reservoir 
be A, and the height of the water level above the outlet of 
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pipe be H,ft. Let v be the velocity of flow in the pipe. 
It is required to find the time taken to lower the water level 
in the reservoir from H, ft. to H, ft. above the outlet of pipe. 
Ignore all losses but friction. 
4 flv 

d 2g 


Consider the instant when the water level is h ft. above the 
- outlet of pipe and let the water level fall by a small amount 
dh in the time dt, the term dh being negative. 

Then, quantity flowing from reservoir equals quantity 
passing along pipe. 


Head lost in friction in pipe = 


Or, -Adh=7@vdt ey. a Fae ere) 
v AT le 
But, Sere d 2g 
VA 4fl 
=a 
2gh 
From which, Ue 9 
4fl 
CS 


d 
Therefore, lip = S -g MG 
l 
dE 
Total ti =T =| d=- h *dh 
otal ume PEN 
0 A, 
4fl 
m 
= (H? - H,') (2) 
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EXAMPLE. 

Two tanks, the bottom of which are on the same level, are connected with 
one another by a horizontal pipe 3 in. diameter, 1,000 ft. long, and bell 
mouthed at each end. One tank is of size 20 by 20 ft. and contains water to 
a depth of 20 ft., the other tank is of size 15 by 15 ft. and holds water to a 
depth of 10 ft. 

If the tanks are put in communication with one another by means of the 
pipe (which is full of water), how long will it be before the water level in the 
larger tank falls from a height of 19 ft. to 17 ft. ? Assume f =:-01. (London 
Univ.) 


This question is shown diagrammatically in Fig. 82. 


Fie. 82 


Let A, and A, be the areas of the large and small tanks 
respectively. 


Let h = difference of water level in tanks at any instant. 
Let water level in A, fall by amount dH in time dt. 


Then, level in small tank rises by dH a . Let dh be difference 
in head causing flow due to this chance 
A 
A, 
A 
= aH(1 +33) : : ea) 
Let a, v, d, and l be the area, velocity, diameter, and length 
of pipe respectively. 


As quantity flowing from large tank equals quantity flowing 
along pipe, and as dH is negative, 


Then, dh = dH + dH 


-A, dH = avdt ; : : (2) 
But, h je 4 flv? 
2g d 2g 
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Substituting Equations (1) and (3) in (2), 


3 dh De 
A, F = eae 
Bs): oul tsa.) 
ae 
Aly ar += tan 


A 
(1 +F) 4/ 2g 


Therefore, dice 


Integrating between the limits of H, and H,, 
Ea oA Pa e ae) 
T=] u= — A (4) 
(1 +—- Fi - V 2g 


In this question, A, = 20 X 20 = 400 sq. ft. 
A, = 15 X 15 = 225 sq. ft. 


2 


00 
H, = 19-(10 +555) = 7-22 ft. 

3 x 40 
H,=1 7-(104°% 3 5) = 1-66 ft 


Substituting these values in Equation (4) 
4 n 1000 
2x A eee eee x (7-22? — 1-66*) 


0 
(1 + T y / 64-4 


= 13,150 sec. 
= 219 minutes. 


74. Flow of Gases through Pipes. The frictional resistance 
of gas flowing along a pipe may be found from the same 
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frictional formula as liquids. The head causing flow must be 
in feet of gas and if the pipe is sloping the slight difference of 
atmospheric pressure due to change of altitude must be taken 
into account. 

Let gas be flowing up a sloping uniform pipe length of l 
and diameter d. 
4flv 

d 2g 


Let w = weight of 1 cu. ft. of water 


Then, head lost in friction = ft. of gas. 


w, = weight of 1 cu. ft. of gas 


and w, = weight of 1 cu. ft. of air 
Let h, be height of upper end of pipe above lower end. 


Then, atmospheric pressure at lower end is h, ft. of air 
greater than at upper end. But pressure of gas at lower end 
is greater than pressure at higher end by h, ft. of gas. 

Then, head causing flow due to change of altitude 


= h, ft. of air — h, ft. of gas 
w 
= @ ae hy) ft. of gas. 


Suppose the pressure of gas above atmosphere be measured 
with a U-tube containing water. 


Let y, = pressure of gas at lower end in feet of water 
and Yə = pressure of gas at higher end in feet of water. 
Then, head causing flow due to difference of pressure 


= (Y¥1— Y2) feet of water 
w 
= — ¥2) — ft. of 
(Yı — Y2) w, of gas 
; Ws w 
Total head causing flow = h,- hy + (Y1 = Ya) — ft. of gas 
1 W, 


4flvu% v? 
d 2g y : a) 


3 w w 
Then, hy mite hy +(Y1 -= Y2) Sites 
1 
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If the gas is flowing down the pipe h, will be negative. 
If the pipe is horizontal h, = 0, 
Equation (1) then becomes 


afl v? 
agp da t Og : : s some} 


Unwin found the coefficient of friction f to. be equal to 


0044 (1 + ia) for coal gas. 


EXAMPLE. 


Gas is supplied from a holder at a gauge pressure of 4 in. of water to a pipe 
6in. diameter, 300 ft. long, which rises to and discharges at a height of 
50 ft. above the level of the outlet of the holder. The pressure at the pipe 
outlet must be not less than 1 in. of water by gauge. Find the delivery in 
cubic feet per hour. Take the weights of the gas and air as -045 and +08 lb. 
per cu.ft. respectively and the coefficient of friction as +008. (London 
Univ.) 


Applying Equation (1), 
08 62:4 v? 4 X 008 x 300\ 
(50 x J5)- 50 + (333 — 0834) Te =z! ee) 


2 
88-9 — 50 + 346-5 = FA + 19:2) 


From which, v = 35 ft. per sec. 
Delivery = 7 (5) x 35 X 3600 = 24,760 cu. ft. per hour. 


75. Transmission of Power through Pipes. If power is 
transmitted through a considerable distance by means of water 
under pressure, the power supplied will be in proportion to the 
quantity of water per second passing through the pipe, and to 
the total head of the water. As the water flows along the 
pipe it will be subjected to a loss of head due to friction. It 
can be shown that the maximum power is transmitted by 
a pipe when the frictional loss of head is one-third of the 
total head supplied. 


Let H = total head supplied at entrance to pipe 


h, = head lost due to friction 
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and let v, d, and J be the velocity of flow through pipe, the 
diameter of pipe, and length of pipe respectively. 


4flv® 
Then, h; = d 2g 
Total head available at outlet of pipe = H —h, 
4 flv? 
mer d 2g 
d? v 4flv? 
Available horse-power = ERO ( H = i 3g ) 


as w 5 d? v = weight of water flowing per second. 


: 4flv' 
From which, H.P. = x 550 (He = HE 


Tbis will be a maximum when the amount inside the bracket 
is a maximum. Differentiating this with respect to v and 
equating to zero for a maximum, 

d.(H.P.) 4flv? 
rage ee 

Or H-3h,= 

Therefore, H = 3h, 


That is, the horse-power transmitted is a maximum when 
the head lost in friction is one-third of total head supplied. 
For any pipe line transmitting power, 
H —h; 
H 


Power is transmitted through water pipes for working 
hydraulic machines. The supply of water under pressure for 
power purposes was being developed in large cities during the 
latter half of the nineteenth century; but the commercializing 
of electricity has mainly displaced this method of power 
transmission. 


w 7 a? 


efficiency of transmission = 


EXAMPLE, 


A hydraulic machine is supplied with water through a horizontal pipe 
3,000 ft. long. The brake horse-power of the hydraulic machine is 50, and 
its mechanical efficiency is 80 per cent. Gauges fitted to the supply pipe 
show that the pressure at the power station end is 750 lb. per sq. in.; and at 
the machine 680 lb. per sq. in. If the coefficient of resistance, f, for the pipe 


is -008, determine (1) the diameter of the supply pipe, (2) the velocity of flow. 
(London Univ.) 
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Let a, d, and v be area, diameter, and velocity of pipe 
respectively. 


Horse-power supplied by machine = 


z 
x 
| 
| 
& 


62-4av 680 x 144 
ita se eGne 


From which av = 351 = 1” v 


Then, dv = 447 . , (L) 


; Ae 3 ‘ 144 
Head lost in friction in pipe (750 — 680) 2-4 


= 161-8 ft. of water 


afte? 
aiid! 2g 
4 x -008 x 3000 v? 
Therefore, TOIR = TEON 
From which, - = 108:6 . : : (2) 
Substituting for d from Equation (1), 
v = 5280 
Then, v = 5-55 ft. per sec. 
Substituting this value of v in Equation (2), 
= 200 = -284 ft. 
108-6 


76. Flow through Nozzles. A nozzle is a tapering mouth- 
piece which is fitted to the outlet end of a pipe for the purpose 
of converting the total head of the water into velocity head. 
They are used on the end of hose pipes and in some forms of 
turbines. As the pressure of the jet issuing from the nozzle is 
atmospheric, the whole of the energy will be kinetic. The loss 
of energy in the nozzle itself will be small compared with the 
frictional loss in the pipe to which the nozzle is fixed, and 
may, therefore, be neglected. 
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In Art. 75 it was proved that for the maximum power to 
be transmitted along the pipe, the loss of head in the pipe 
due to friction must be one-third of the total head supplied. 
In which case, the loss of head due to friction will be one-half 
of the total head in the nozzle. By making use of this fact it 
is possible to obtain the ratio of the area of nozzle to area of 
supply pipe for maximum transmission of power. 

Consider the pipe and nozzle of Fig. 83. 


D =A 


Fie. 83 


= length of supply pipe 


= diameter of supply pipe 


and 


coefficient of frictional resistance of supply pipe 
area of outlet end of nozzle 


l 
D 
V = velocity in supply pipe 
f 
a 
v velocity of jet issuing from nozzle 


For maximum transmission of power, 
head lost in friction in supply pipe = 4 total head supplied 


Or, 


= 4 velocity head at nozzle 
4flV2 1 v? 


But, as quantity flowing through pipe equals quantity 


passing through nozzle, 


Therefore, 


From Equation (1) 


> 


Substituting from Equation 


Therefore, 


D 2g TO eos : a Ma) 
VA = va 

v A 

Ta To 
Sfi o 

D Pp 


DE 
A syu ! 
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This gives the ratio between the areas of nozzle and supply 
pipe for maximum transmission of power. 


Kinetic energy per second 


Horse- Poy = 
orse-power of Jet 550 


wav X v? wa v8 


"29550  2g550 
If the jet were projected vertically upwards the height the 


v 
water would reach = — 


2g 


If the area of the supply pipe and jet do not conform with 
Equation (3), the pipe will not be transmitting the maximum 
horse-power possible. If such be the case, 


4f L y? 
2g D 

where H is the head supplied at the source. 
Substituting from Equation (2) for V, 


head transmitted by pipe = H - 


} 4fL/va\? 
head transmitted by pipe = H - F 7D (=) 


But, head transmitted = Kinetic energy at nozzle 


y2 
=F per lb. of water. 


Hence, n-55 nr= s 
From which, t= / E 
+ Da 
Horse-power transmitted = horse-power of jet 
_ (war) v? 
550 X 2g 


: yeas Head transmitted 
Efficiency of transmission = ie 
y? 


IH 
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EXAMPLE l. 


The head of water at one end of a pipe, 200 yds. long, 3 in. in diameter, is 
100 ft., and f for the main is 01. What diameter of nozzle fitted to the end 
will give the maximum power, and what will the power then be? Ifa 
formula is used it must be proved. (London Univ.) 


Using Equation (3) let d be the diameter of nozzle, 


) 
A ee 
a Nine 


2 8 X :01 Xx 600 
The, A E 


25 
And d= oe = -067 ft. = -806 in. 
HAS DV- 
KEE 2g 
: 100 4x-01x600 V? 
That is, a Teagasc 
From which, V = 4:72 ft. per sec. 
Then, v = 4°72 X 13-85 = 65-4 ft. per sec. 
, 624X F x-0672) x 65-43 
Wav 4 
and, HP pe) moa a 


EXAMPLE 2. 


A horizontal pipe, 6 in. internal diameter and 540 ft. long, conducts water 
from a reservoir. When the water level in the reservoir is 4 ft. above the 
axis of the pipe the discharge through the pipe is 29-7 cu. ft. per min. If a 
nozzle tapering from 6 to 1} in. internal diameter were fitted to the free end 
of the pipe, what would be the horse-power of the jet if the level of water in 
ue reservoir were increased to 40 ft. above the axis of the pipe ? (London 

niv.) 


29-7 
In the first case, y= nme aS 2-52 ft. per sec, 
60 X T xł 
a 4 fl 
Also, H= 2g (1 + >) 
2-522 4 x 540f 
That = E ae 
at is, 4 64-4 (1 + 5 ) 


From which, f = :00916 
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2 2 
In the second case, H = oF so 
and as ge VA 
; a 


WE 


y? 36 \? 4 x -00916 x 540 
= 64-4 (5) D | 
2-95 ft. per sec. 
47-2 ft. per sec. 

wav? 
2g X 550 

62-4 X -785 X (4)? X 47-28 
< 64-4 X 550 


That is, 40 


I 


From which, V 
and, v 


Il 


Horse-power of jet = 


== 2°27 

77. Hammerblow in Pipes. If water is flowing along a 
long pipe and is suddenly brought to rest by the closing of a 
valve, or by any similar cause, there will be a sudden rise in 
pressure due to the momentum of the moving water being 
destroyed. This will cause a pressure wave to be transmitted 
along the pipe which may set up noises known as knocking. 
The magnitude of this pressure will depend on the speed at 
which the valve is closed and on the length of the pipe. Knock- 
ing may often be heard in the water pipes of ordinary dwelling- 
houses if the tap be turned off quickly. 

This sudden rise in pressure in a pipe due to the stoppage of 
the flow is known as the hammerblow. 

Consider a long pipe of length “l” ft. and of cross-sectional 
area “a” sq. ft.; let water be flowing along the pipe with a 
velocity of v ft. per sec., and, due to the closing of a valve, let 
the water be brought to rest in ¢ secs. 


v 
Then, retardation of water = f = A ft. per sec.?- 


al 


w 
Mass of moving column of water = mE 


As force = Mass x retardation, 


l 
force on valve = aries f lbs. 
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7 1 force 
Intensity of pressure on valve = p= — 
= zih, per sq. ft. 
Or, p= A lb. per sq. ft. 


From this equation the magnitude of the pressure wave can 
be found. 

This is the simple theory only ; actually the water would 
compress on account of its bulk elastic modulus, and the pipe 
would expand laterally on account of its modulus of elasticity ; 
these would both affect the problem.* The solution of this 
problem is dealt with in Arts. 245 to 248. 

The Dorman Wave Transmissiont for working hydraulic 
drills in mines is based on this principle. A blow from a 
piston is given to the water in a long pipe, which causes a 
pressure wave to travel the full length. At the other end of 
the pipe the pressure wave is made to work the drill. By 
this means, power is transmitted through a pipe containing 
water although the water itself does not flow. 


EXAMPLE. 

A hydraulic pipe line is 2 miles long. The velocity of flow is 4f.s. A 
valve at the lower end is closed at such a rate as to produce uniform retarda- 
tion in the water column. Calculate the rise in pressure behind the valve 
if the latter is closed (a) in 20 secs., (b) in 1 sec. (A.M.Inst. C.E.) 

(a) Using the equation 

wlv 
= d 

62-4 X 2 X 5280 x 4 
he 32-2 X 20 
= 4,100 lb. per sq. ft. 


is 62-4 X 2 x 5280 x 4 
eS 32-2 x 1 


= 82,000 lb. per sq. ft. 


* See Water Hammer in Hydraulic Pipe Lines (Gibson). 

t See Theory of Wave Transmission (Constantinesco) for mathematical 
treatment; and article entitled ‘‘ Dorman Wave Transmission ” in Conquest, 
December, 1920, for description. 
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EXAMPLES 6. 


_(1) Find the loss of head dus to friction in a Pipe, 1,000 ft. long and 6 in. 
diameter, when the quantity of water flowing is 600 gallons per min. f = -01 


Ans.—83 tt. of water. - 


(2) Using the formula v = CV mi, find the loss of head due to friction in 
a cireular pipe, 100 ft. long and 3 in. diameter, when the velocity of flow is 
6 ft. per see. C = 100. 

Ans.— 5-76 ft. 


Ans.—2,420. 


(4) Assuming that R = fA V? to be the law of friction between a flow and 
a surface, find an expression for the work lost per second when a disce of 
radius y is rotated in water with a circurnferential velocity v. 

If the dise is surrounded by a forced vortex of double its diameter, compare 
the loss due to the friction of the vortex on the flat sides of the vortex chamber 
with the loss due to the friction on the above-mentioned dise. (London 
Univ.) 


Ans— Enfer; 32-1. 


(5) The friction of a thin fiat brass plate when towed edgewise through 
_ water at a velocity of 10 ft. per sec. is equal to -21 lb. per sq. ft. of wetted 
_ surface, and the friction is found to vary as V+. 

Find how many foot-pounds of energy per minute are absorbed by the skin 
friction of the two surfaces of a flat circular dise, the external diameter of 
which is 24in., and the internal diameter 12in., if the dise makes 450 
revolutions per minute. (London Univ.) 

Anz.—27,300 ft. lb. per min. 


(6) What do you understand by the expression “ critical ” velocity of fow 
in 8a pipe? 
Deseribo experiments on tho loms of head when water flows af known 
velocities through a horizontal pipe of constant cross section. 
What is the law when (a) the velocity is less than the “ critical”: (b) the 
velocity exceeds the “critical” ? (London Univ.) 
Ans.—{a) kv; (b) ke. 


{7} Obtain an expression for the head lost in a pipe dus to a sudden 
t of area. 

Comment on any assumption made. 3 . 

A pipe 2in. diameter is 20 ft. long and the velocity of the water in the 
Pipe is 8 ft. per see. What loss of head would be saved if the central 6 ft. 
- length of pipe were replaced by 3in. diameter pipe, the changes of section 

ing sudden. 


Take the frictional coefficient f = -01, and the coefficient of contraction -62. 
(London Univ.) a e 
nm 
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(8) Water is discharged from a reservoir through a pipe 1 ft. diameter for 

1 mile of its length, the pipe then suddenly enlarging to 2 ft. diameter for 
ond mile. 

gia are two right-angled easy bends in each mile, and the difference of 
head between entrance and discharge ends of the pipe is 100 ft. Calculate 
the discharge in gallons per minute and all losses in the pipe if the coefficient 
of friction is -008. ó 

Draw the hydraulic gradient. (London Univ.) 


Ans.—1,780 gallons per minute. 


(9) Two reservoirs A and B discharge through circular pipes each 2 ft. 
in diameter and 1 mile long to a junction at D. From D the joint discharge 
is carried in a straight line with the discharge pipe from A to a third reservoir 
C by a 3 ft. diameter pipe of negligible length. The surface level at A is 
50 ft., and that of B 30 ft. above that of C. Neglecting all losses other than 
pipe friction, find the discharge in gallons per minute from each reservoir. 

Coefficient of friction = 0075. (London Univ.) 


Ans.—7,500 and 5,800 gallons per minute. 


(10) A high level reservoir feeds two low service reservoirs by means of a 
single main 5 miles long, 30 in diameter, laid at a slope of 10 ft. per mile. 
The main is then forked, and one branch, 2 miles long with a fall of 15 ft. per 
mile, serves one reservoir, whilst the other is served by a pipe 3 miles long 
with a fall of 12 ft. per mile. Calculate the diameters of these branch pipes 
so that each may deliver 4,000,000 gallons per day of 24 hours. Take f = -006. 
(London Univ.) 

Ans.—1-52 ft. and 1-6 ft. 


(11) A cylindrical tank 16 ft. diameter discharges through a pipe 300 ft. 
long and 9 in. diameter. Find the time taken to lower water level in tank 
from 9 ft. above centre of pipe to 4ft. above centre. f = -Ol. 


Ans.—7:82 minutes. 


(12) Air initially at a pressure of 60 lb. per sq. in. absolute and a temperature 
of 16°C. flows through a 10in. main which is 1 mile in length. Assuming 
that the coefficient of resistance to flow is :0035, calculate the discharge in 
cubic feet per second, assuming that the pressure at the delivery end is to be 
maintained at 55 lb. per sq. in. absolute. (London Univ.) 


Ans.—23°-3 cu. ft. per sec. 


(13) Air, initially at atmospheric pressure and 60° F., flows under a pressure 
difference of 10 in. of water through a 12 in. main 1,000 yds. long. Assuming 
that the coefficient of resistance to flow f is 004, determine the number of 
cubic feet of air delivered per second. (London Univ.) 


Ans.—24-2 cu. ft. per sec. 


(14) In a water-power scheme, the total head is 503 ft., and 1,750,000 
gallons of water are available per hour for utilization in an impulse turbine 
of the Pelton type. The proposed pipe line is 2 miles long. 

Determine the diameter of the pipe necessary in order that the efficiency 
of rouanision should be 80 per cent, and also calculate the horse-power 
available. 


lf the power is supplied to the Pelton wheel through two nozzles, determine 
their diameter. 


Neglect the lossos at inlet to the pipe and at the nozzles. f = -0075. 
(London Univ,) 


Ans.—3-44 ft.; 3,550; -655 ft. 
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(15) In hydraulic transmission of power, state the losses which occur, and 
explain how they may be minimized. 100 h.p. is to be transmitted, the 
pressure at the inlet of the pipe being 1,000 1b. per sq.in. If the pressure 
drop per mile is to be 10 lb. per sq. in., and if f = -006, find the diameter of 
the pipe and the efficiency of transmission for 10 miles, (London Univ.) 

Ans.—HEfficiency = 90 per cent ; -477 ft. 


(16) What is meant by “critical velocity ” in fluid motion? State what 
factors in general have an effect on the value of this. (A.M.I. Mech. E.) 


(17) The resistance to the motion, in the direction of its plane, of a thin 
flat body through water is proportional to v3, and, at 10 ft. per sec., is +5 lb. 
per sq. ft. Determine the horse-power required to rotate at 1,200 r.p.m. a 
submerged disc 2 ft. in diameter. (A.M.I. Mech. E.) 


Ans.—45-4, 


(18) Determine the levels of the hydraulic gradient at the points B, C, 
and D of a pipe-line discharging 12 cu. ft. per sec. The initial level of the 
gradient at A is 400 ft. above datum. AB is 24 in. diameter and 5,000 ft. 
long ; BC is 18 in. diameter and 4,000 ft. long, and CD is 20 in. diameter and 
3,000 ft. long. Short taper pipes are introduced at B and ©. f= -0l. 
(A.M.I. Civil E.) 

Ans.—377-4 ft. ; 300-7 ft. ; 266-5 ft. 


(19) Reservoir A at an elevation of 900 ft. supplies water to reservoirs B 
and C at levels respectively of 600 ft. and 500 ft. From A to D both supplies 
pass through a common pipe 12 in. diameter and 10 miles long ; the branch D 
to B is 9 in. diameter and 6 miles long, and that from D to C is 6 in. diameter 
and 5 miles long. How many cubic feet per second will be delivered to B 
and C? f=-0l. (A.M.I. Civil E.) 

Ans.—1:00 cu. ft. per sec ; +7 cu. ft. per sec. 


(20) The reservoir from which a Pelton wheel is supplied has an elevation 
of 1,050 ft. The pipe line is 18 in. diameter and 9,660 ft. long ; it terminates 
at a level of 50 ft. in a nozzle which gives a jet with an effective diameter of 
3in. Taking for the nozzle C, = ‘97, and for the pipe f = +006, determine 
the horse-power of the jet. (A.M.I. Civil E.) 

Ans.—1100. 


(21) Two pipe lines of equal length (10,000 ft.) are Jaid in parallel between 
two reservoirs whose difference of level is 50 ft. If their diameters are 
respectively 12in. and 24in., and if the frictional resistance is given by 


1-8 
ue what will be the total discharge ? Take f = -006. (A.M. Inst. C.E.) 


Ans.—65:8 cu. ft. per sec. 

(22) A 6-in. pipe line 10,000 ft. long is supplied with water at 1,200 1b. per 
2 

flv" is 0-01. What 


9 
is the maximum rate, in horse-power, at which energy can be delivered at 
the outlet from the pipe line ? (A.M. Inst. C.E.) 


sq. in. pressure. The coefficient f in the formula h = 


Ans.—355 h.p. 


(23) A thin flat disc enclosed in a casing containing water is to be used 
as a hydraulic dynamometer for absorbing and measuring the output from 
a petrol engine running at 1,800 revs. per min. Experiments on a similar 
type of surface show that its frictional resistance per square foot is equal to 
0-005 v?lb., where v is the velocity in feet per second. What diameter of 
dise will be necessary if the engine develops 50 b,h.p. ? (A.M.I. Mech. E.) 


Ans.—1-6 ft. 
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(24) The loss of head in a given pipe line is proportional to v. The 
following are corresponding experimental values of h and of v— 


h 
v 


5 4-5 
0 3:5 


N = 


What is the value of n? (A.M.I. Mech. E.) 
Ans.—n = 1-97. 
(25) What is meant by “‘ critical velocity” in pipe flow ? Describe how 
you could determine, experimentally, the value of the lower critical velocity. 
(A.M. Inst. C.E.) 


(26) Two reservoirs whose surface levels differ by 100 ft. are connected 
by a pipe 2 ft. diameter and 10,000 ft. long. The pipe line crosses a ridge 
whose summit is 30 ft. above the level of, and 1,000 ft. distant from, the higher 
reservoir. Find the minimum depth below the ridge at which the pipe must 
be laid if the absolute pressure in the pipe is not to fall below 10 ft. of water, 
and calculate the discharge in cubic feet per second. (f = :0076.) (London 
Univ. 

Ans.—16:66 ft. ; 20-5 cu. ft. per sec. 


(27) Calculate the diameter of a pipe to convey gas from a holder to a power 
station, having given the following particulars: Gas consumption, 20,000 
ft.3/hr.; length of pipe, 0-5 mile; delivery, 50 ft. above the entrance to the 
pipe; pressure at holder, 4 inches of water, and at the power station 2 in.; 
density of gas 0-045 and of air 0:08 lb./ft.2 Take f = 0-005. (Lond. Univ.) 


Ans.—8:25 in. 


(28) A chimney is 100 ft. high and 5 ft. in diameter. The horizontal flue 
is 60 ft. long and of the same section. The flue gas temperature is 250° C. 
and its speed 20 ft. per sec. Estimate the draught available at the boiler in 
inches of water. Take f = 0:01 and weight of gas per cu. ft. = -078 Ib. at 
N.T.P. (I. Mech. E.) 

Ans.—-0518 in. of water. 


(29) Compressed air is transmitted through 300 ft. of 2-in. pipe. The 
supply pressure is 100 Ib. per sq. in., and the flow is 80 cu. ft. per min. at the 
supply end. Calculate the delivery pressure assuming the temperature remains 
at 15° C. throughout, and that PV = 96T for 1 lb. of air. Prove any formula 
used. Take f = 0:005. (London Univ.) ae 

Ans.—97-2 lb. per sq. in. 


(30) Compressed air is transmitted through 5,000 ft. of 2-in. diameter pipe. 
The inlet pressure is maintained at 100 lb. per sq. in. (gauge) and the tempera- 
ture throughout the pipe is 15° C. Calculate the maximum flow expressed 
in cu. ft. of free air per min. at 15° C. and 14-7 Ib. per sq. in. (absolute) if the 
exit pressure is not to fall below 80 lb. per sq. in. (gauge). Assume a friction 
coefficient f = 0-004 and for air = —.96: 

Prove any formula used to allow for changing density. (London Univ.) 


Ans.—231 cu. ft. per min, 


CHAPTER VII 
FLOW THROUGH OPEN CHANNELS 


78. Open Channels. The term “open channel” applies to 
any passage through which water is flowing when the free 
surface of the water is in contact with the atmosphere. The 
water is then under atmospheric pressure throughout. The 
channel may be covered in at the top or open ; if covered in, 
it must not be running full, otherwise the pressure might rise 
above or fall below atmospheric. A pipe which is not running 
full may be classed as an open channel. An open channel 
may be of uniform cross section, as a canal, sewer, and aqueduct 
or it may be of an irregular cross section, such as a river. 

Water flowing through an open channel is subjected to a 
frictional resistance at the wetted surface of the channel which 
obeys the same laws as stated in the previous chapter. As the 
pressure throughout is atmospheric, the head causing flow will 
be due entirely to the slope of the channel. In channels of 
regular cross section the velocity of flow is constant ; therefore, 
the head due to the slope of channel may be assumed to be 
lost in overcoming the frictional resistance of the sides. 

The velocity of flow will vary at different points of the cross- 
section of the channel, being smaller towards the sides. All 
calculations on the flow through channels are based on the 
mean velocity of flow at any cross section. 

79. Formula for Flow in Open Channels. An equation for 
the flow of water through an open channel may be deduced 
in a similar manner as for the flow in pipes. In an open 
channel the pressure is atmospheric and may, therefore, be 
neglected ; the head due to the slope of the pipe is assumed to 
be lost in friction. Hence the hydraulic gradient is equal to 
the slope of the channel if the latter is uniform. 


Let slope of channel 

area of cross section of channel 

wetted perimeter 

mean velocity of flow 

head lost in friction 

coefficient of friction between water and sides 


of channel for unit velocity. 
175 
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Consider a section of the water of length l moving along 
the channel (Fig. 84). Assume slope of channel is uniform ; 
it will therefore equal 2. 


Fia. 84 
Frictional resistance of section = f’ X wetted area x (velocity)” 
= {Pi 
Work done per second in over- 
coming friction =f i en 
Loss of potential energy persec. = Weight x change of altitude 
= wAl x vi 
But, potential energy lost = work done against friction 
Therefore, wAl vi =] Plu v 
a ee 
wi = f'v V 
Assuming n = 2 and substituting the hydraulic mean depth 
A ; 
m for P ` ? i y? 


Or, v= 5m; 


ia == CONV mi : . ` oo ute) 
where C = hl F and is a constant depending on the shape and 


surface of the channel, and is determined experimentally.* 


* Actually C will vary with the temperature, the velocity, and the size of 
the channel, as shown in Chapter XII on Viscous Flow. 
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Equation (1) is known as the Chezy formula. It was 
deduced by him empirically and is the same form as used for 
the flow through pipes. | 

From the results of experiments on the flow of water through 
TINN Bazin deduced the following formula for the value 
(0) — 


157-5 l 
T foot units, 


1 Fe 
Fn 


C= 


Fia. 85 


where & is a constant depending on the surface of the channel 
and has the following values— 


Clean smooth sides of wood, brick, stone, etc. k= -29 

Dirty sides of wood, brick, stone, etc. b= -5 

Sides of natural earth k = 2-35 
EXAMPLE 1. 


A trapezoidal channel, having sides of smooth stone, has a base of 6 ft. 
and side slopes of 2 vertical to 1 horizontal. The depth of water in the 
channel is 4ft. Find the quantity of water flowing if the slope of the channel 
is 10 ft. per mile. 

The section of channel is shown in Fig. 85. 

Area of section == $2'sq. it. 

Wetted perimeter = 6 + 24/42 + 22 


= 14-94 
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Using Bazin’s formula for C, 


157:5 
a k 


Using the Chezy formula, 
v=OVmi 


— 131 5/2 Wie 
z X 5280 


D a ee == 8-35 ft. per sec. 


| Quantity = A x v 
= 32 X 8:35 


Fic. 86 = 268 cu. ft. per sec. 


EXAMPLE 2. 


Find the depth of flow in a circular sewer 3 ft. diameter, having a fall of 


1 in 200, when the discharge is 3,500 gallons per minute. Take v = 100V mi, 
and solve by plotting. (London Univ.) 


Assume the water level to be at a height d (Fig. 86). Let r 
be the radius of the sewer, and 0 be half the angle subtended 
at the centre by the water level. 

From Fig. 86, 

r-d 
C08: 0 == 
r 
from which the angle 0 may be obtained in radians. 


y 2 20 
Area of wetted cross-section = A = i A r? sin 0 cos 0 


Lau a 
= 9 
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Wetted perimeter = P = r20 


eae 
EYA 
Á = 100 fm x 2a ft. per sec. 
200 
Quantity = Av X 6-24 x 60 gallons per min. 


5000 


ics) 
oO 
(=) 
fo) 


N 
Q 
Q 
© 


Quantity, in Gall per Min. 


— 
Q 
Q 
Q 


Depth in Feet. 
Fig. 87 


These quantities are shown tabulated in the following table 
for assumed values of d— 


d cos 0 | @in rads A P m v Q 
5 -666 -841 *7715 2:523 -307 3°92 1137 
“9 4 1-157 1:778 3-471 *512 5-06 3360 
“0 333 1:225 2-04 3-675 "555 5-26 4020 

‘95 +3665 1:195 1:92 3:585 +635 517 3718 


d and Q are shown plotted in Fig. 87, and a curve is drawn 
through the points. From this curve the depth to give a 
discharge of 3,500 gallons per minute may be obtained. 


Required depth = -925 ft. 
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80. Rectangular Channel: Depth for Maximum Discharge. 
The channel with the most economical section is the one 
which gives the maximum discharge for a given amount 
of excavation. The discharge is proportional to the velocity 
and the area, whilst the excavation is proportional to the area. 
The proportions of the most economical section may be found 
by assuming the area to be constant, 
and finding the depth which gives 
the maximum velocity. 

Consider the rectangular- 
sectioned channel of Fig. 88; let 
b be the breadth and d the depth. 
Assume the area of cross-section ~ 
to be constant. 


As AN = a 
A 


Discharge = A Xv= Á x ane 


As A, C, and 7 are constants for channel considered, the 
discharge will be a maximum when P is a minimum. 


P= b + 2d 
Substituting for b from Equation (1), 


Ps = + 2d 
= Ad td 
Differentiating P and equating to zero for a minimum, 
dP Ad2 ý 
ddin aoa 
Therefore, A=" 2d? 
But, as A= bd: 
bd- == 20? 
b 
Or, ad = > 


That is, the maximum discharge for a rectangular channel 
occurs when the depth of water is one-half of the breadth. 
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81. Trapezoidal Channel: Condition for most Economical 
Section. The most economical section for a trapezoidal 
channel will be when the discharge is a maximum for a given 
excavation. The condition for this may be found, as in 
the previous case, by assuming the area to be a constant. 

Consider the trapezoidal channel of Fig. 89. Let b be 
the breadth of the base, d be the depth of water, and 


l 
let the slope of the sides be —; then the horizontal 
projection of the g 
wetted side is nd. 


Discharge = A X v 


A. 
Bia gf 45 


and will be a maximum 
when P is a minimum 
for the given channel. 


f 


A = (b+nd)d . ; f : me Gh) 
A 
Therefore, b = F -nd . : ; ; : CRN 2) 
Length of sloping side = V'n?d? + d? 
= dVn? +1 


JD c E D e EN 
Substituting for b from Equation (2), 


A 
P =—-nd + AVF] 


Differentiating P and equating to zero for a minimum, 
dP A a 


A oan 
Therefore, at 2Vn? +1 


Substituting for A from Equation 1, 


en 2Vnt +1 
b + 2nd 


Or, 7 


PAT E O AR, 
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Let 6 be angle of slope of sides to horizontal. Let O be the 
centre of water surface. From O draw OB to meet a sloping 
side at B and perpendicular to it. 

Consider triangle OBD, 

angle ODB = 6 
OB OB 


then, sin @ = >R = 


OD 


Consider triangle DEF 
angle DFE = 6 
ED _ d 
DF dvVnt+1 
Equating these two values of sin 6, 


OBS d 
tnd dVn? +1 


then, sin 0 = 


It will be seen from Equation (3) that these two denominators 
are equal. 

Therefore, OB y= at 

That is, if a semicircle is drawn with centre at O and of 
radius d, the three sides of the section will be tangential to it. 

Therefore, the most economical trapezoidal section is when 
the three sides are tangential to a semicircle described on the 
water line. 

As triangle ODB is similar to triangle DFE, it follows that 


OD = DF 
S (op +2)a 
Now m = = = > 
z B 2 DF +b 
oD +3)a 
(20D + b) 
_d 
ee 


This is another condition for maximum discharge which will 
be found useful for the solution of problems of this nature. 
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EXAMPLE. 


A trapezoidal channel is to be designed for conveying 10,000 cu. ft. of water 
per minute. Determine the cross-sectional dimensions of the channel from 
the following data— 

Slope 1 in 1,600; sides inclined 45°; cross section to be a minimum; 


v = 90 Vmi. (London Univ.) 


Using Equation (3) and putting n = 1, 
b + 2d 


T nea 
From which, b = 828d 
Area of section = A = (b+ d)d 
= (-828d + d)d 
= 1-828d? 


Wetted perimeter = P =b+2V2d 
— -828d + 2-828d 


= 3-656d 
A 1-828d? 
WO, SS SS SS SSS 
P 3-656d 
==" 6d 
Quantity per second = A Xv 
= Ax 9 Vmi 
10,000 l 
2 ae 2 ls ee 
Therefore, ee es 1-:828d? x 20 4/ 5d X 1600 


Squaring both sides and simplifying, 
1:026 = d* X -0003125d 


Hence, Ge RPAN) 
And, d = 5-04 ft. 
b = -828d 
= “oil ii 


82. Circular Section : Depth for Maximum Velocity. The 
velocity of flow in a given circular channel will depend upon 
the depth of the water. As the velocity is proportional to the 
hydraulic mean depth, its maximum value may be obtained 


: mie de A 
by differentiating P and equating to zero. 


7—(T.5187) 


184 HYDRAULICS 


Consider the circular channel of Fig. 86. 
Let d = depth of water for maximum velocity 


0 = angle subtended at centre by water line, in 


radians 
and r = radius of channel section. 
Then, 
area of wetted section = A = area of sector — area of triangle 
sin 20 
ay) pe 
= 720 — 7 9 
sin 26 
— 2 fy ee 
Sea | 
Wetted perimeter = P = 2r0 
And, Ts 
As v = O Vmi, 


; : ; Ál 
v = maximum when m is a maximum. That is, when p is 
a maximum. 


A 
Differentiating P and equating to zero, 


doe >. = aE N 
From which, Pr?(1 — cos 20) - A 2r = 0 
Substituting for P and A, 
2r30(1 — cos 20) = 2r’ (6 - =) 
Therefore, 26 = tan 20 
The solution of which is when 20 = 2574° 
d=r-rcos 6 
A , 2571 
For maximum velocity, d = r -=r cos 5 
= r(1 + -62) 


= 1-627 
Or, 


depth for maximum velocity = -81 x diameter of channel. 
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83. Circular Section: Depth for Maximum Discharge. 
Referring to Fig. 86, and using the same notation as in Art. 82, 


discharge = A X O Vmi 


A 
= ASCO |; 
P’ 


AA 
EGT 
3 


! ; ; Ate 
Therefore, discharge is a maximum when = is a maximum. 


P 
A3 
(=) dA dP l 
ee ee Dime rn gar eee! oe 
do (Psa g-a 7 pA S 
; dA dP 
From which, nde! ae A 16 0 
2 
6r°0(1 — cos 20) — 2r3 (6 -2 =) =i 
in 2 
30(1 — cos 20) = 0-25 9 
Or, 40 — 60 cos 20 = — sin 29 
The solution of this equation is 0 = 154° 
Then, for maximum discharge, d = r-r cos 0 
= A :9) 
= 19r 
Or, depth for maximum discharge = :95 X diameter. 


EXAMPLE. 


Find, either graphically or by calculation, the depth for the maximum 
discharge for a circular culvert. 

Find the depth of water for maximum velocity along a 6ft. diameter 
culvert. (London Univ.) 

The depth for maximum discharge may be found by the 
above method ; or, it may be found by plotting as was done 
in Example (2), Art. 79. 

Depth for maximum velocity may be found from the equation 
of Art. 82— 

depth ‘81 X diameter 
‘81 X 6 = 4:86 ft. 


84. Variation of Velocity over Cross-section of a Channel. 
The velocity of flow varies at different points of the cross- 


Il 
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section of the channel. The frictional resistance of the sides 
causes the water to slow down towards the sides of the channel, 
and the frictional resistance between the water surface and the 
atmosphere causes a slight reduction of velocity at the free 


surface. The maximum velocity will be on the vertical centre 
line of the channel at a point a little below the free surface. 

The variation ‘of velocity over the cross-section of a rectangu- 
lar channel is shown in Fig. 90. The curves shown are lines 
of equal velocity ; they have the greatest value at the centre, 
just below the water surface, and decrease towards the sides 
and base. In Fig. 91 are shown the variations of velocity on 
horizontal section lines taken at different depths. The 

velocities at different 

points of the section 

lines a, 6, c, and d 

(Fig. 90) are plotted 
on a base representing 
b the width of the 
channel. 

Fig. 92 shows the 
variation of velocity 
on the vertical section 
lines 0, 1, and 2 
(Fig. 90). The hori- 
: zontal ordinate repre- 
Width of Channel sents the velocity and 

Fic. 91 the vertical ordinate 
the depth. 

The mean velocity on any vertical section occurs at approxi- 
mately -6 of the depth; it varies with the type of channel 


£ of Channel 
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and with the nature of the sides. The discharge of the whole 
channel may be obtained by dividing the section into vertical 
rectangles and finding the mean velocity of each rectangle. 
Using this mean velocity, the discharge through each rectangle 
may be obtained. The sum of all these discharges will be the 
total discharge of the channel. 

The mean velocity of each rectangular strip may be taken, 
approximately, as the velocity at a depth of -6 of the total depth. 
- 85. Measurement of Flow of Irregular Channels.* By the 
term “irregular channels ” is included large rivers and small 
streams. The quantity of 
flow of a small stream may 
be obtained by fitting a notch O 
or weir across the stream ; 
the discharge may then be 
calculated by measuring the 
head over the notch. This 
method could not be used 
for a large river on account 
of the expense and of the 
obstruction to navigation it Velocity 
would cause. In this case it Traio 
is necessary to measure the 
cross-section of the river, and to measure the velocity of flow 
at various points of this cross-section. 

Let Fig. 93 represent the cross-section of the river at the 
point chosen. This should be on a straight uniform portion of 
the river. The cross-section is then divided into vertical 
rectangles as shown, and the mean velocity of each rectangle 


Depth of Water 


Fie. 93 


found. This can be obtained approximately by assuming the 
mean velocity to occur at -6 of the depth and measuring the 
velocity at that point, or it may be found more accurately by 
measuring the velocity at several depths and calculating the 
mean from these measurements. The discharge through each 


* For the measurement of flow in a channel by a Venturi flume, see Art. 93. 
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rectangle may then be obtained by multiplying the area by 
the mean velocity. Then, by adding together the discharge 
of each rectangle the total flow of the river is obtained. 
The velocity of flow may be measured by the following 
methods— 
(a) Prror Tuse. The Pitot tube is held with the orifice 
facing up stream at the place at which the velocity is required. 
The velocity is then obtained by the method given in Art. 33. 
(b) CURRENT METER.* A type of current meter is shown in 
Fig. 94. It consists of a wheel containing blades or cups, 


Fie, 94 


which are rotated by the flowing water; these are headed 
towards the current by means of a tail on which vanes or fins 
are fixed. An electric current is passed to the wheel from a 
battery above the water by means of wires, and a commutator 
is fixed to the shaft of the revolving blades which makes and 
breaks the electric circuit each revolution. A revolution 
counter above the water is worked by this electric current. 
The meter is lowered into the water at the required point, and 
the velocity obtained from the revolution counter. 

The Amsler Current Metert is shown in Figs. 95 and 96; 
this is a universal instrument suitable for both measurements 
in very slow running waters and yet strong enough for use in 
great velocities. The propeller is of a strictly helical shape ; 
it is made of one single piece of hard and very resistant 
aluminium. There is no friction between the axis of the 
propeller and the electric contact. The shaft of the propeller 
runs on the one side in a ball bearing and on the other in a 
sapphire bearing, ensuring smooth running and consequently 
great accuracy of results,even when using the current meter for 


* For a description of the Aerofoil flow recorder, see Art. 165. 
t By courtesy of Messrs. Amsler & Co., Schaffhausen, Switzerland. 


Fie. 95.—AMSLER CURRENT METER WITH UNIVERSAL 
Joint, WEIGHT, AND GROUND SINKER 


Fie. 96.—AMSLER CURRENT METER WITH 
UNIVERSAL JOINT AND SINGLE WINDLASS 
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slow speeds. The current meter commences rotating at a 
speed of 1 in. per sec. 

The contact for transmitting the rotation of the propeller 
to the electric bell inside the casing of the current meter is 
arranged in a watertight chamber, thus preventing any cor- 
rosive and electrolytic influence of the water, especially sea 
water or acidulated water. The instrument can be taken to 
pieces quickly and conveniently without any tools. The ball 
bearings remain fast to their axis and cannot therefore be lost. 

This current meter can also be provided with an additional 
contact for single revolutions of the propeller and with an 
observation telephone. At every revolution of the propeller 
a crack is then heard in the telephone. If the propeller turns 
backward, as may be the case in whirlpools or backwater, a 
double crack is heard at every revolution. By means of this 
telephone it is possible to ascertain whether the propeller 
turns regularly, forwards or backwards, and also to count 
directly the number of revolutions of propeller for a certain 
interval of time if the water flows very slowly. The instru- 
ment makes contact at every fifty revolutions of the propeller. 
The two terminals on the instrument casing are connected, 
by means of a double wire, with the electric bell and the 
battery, which are located in the instrument case. 

(c) Furoats. A simple way of measuring the velocity of 
flow of a river is by means of floats. The surface velocity at 
any section may be obtained by a single float. The time taken 
for the float to traverse a known distance is measured and the 
velocity calculated. A single float gives the surface velocity 
only, and is affected by the wind and air resistance. 

A better method is to use double floats. A double float 
consists of a surface float on to which is attached a hollow 
metal sphere, heavier than water, and suspended from it by 
a cord of known length. (Fig. 97.) The depth of the lower 
float may be regulated by the length of the cord. The velocity 
is then obtained by timing the top float over a known distance. 
This gives the mean between the velocity of the surface and 
the velocity of the layer traversed by the lower float. 

The best type is the rod float. This consists of a vertical 
wooden rod which is weighted at the bottom to keep it vertical. 
The rod will travel with a velocity equal to the mean velocity 
of the section. It should be as long as the depth of the river 
will permit, and the top should be made conspicuous by 
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painting it white. Some types of rods are made telescopic, so 
that the length may be adjusted to suit any depth. 

Weeds at the bottom of a river will interfere with the use 
of a rod or double float. If possible, a section of the river 
which is free from weeds should be chosen. 

(d) CHEMICAL Meruop. Another method for finding the 
discharge of an irregular channel is by inserting a chemical 
solution of known weight and strength uniformly at a certain 
section. Then, by finding the strength of the solution at 
another section lower down the stream, the discharge may be 
calculated. A solution must be chosen which readily mixes 


Fra. 97 


with water; for this reason, and on account of cheapness, 
common salt is generally used. Great care must be taken with 
this method, a uniform stretch of channel should be used, and 
the solution should be inserted at several places over the 
cross-section. 

At a section of the stream, sufficiently below the inserting 
section for the solution to have mixed evenly with the stream, 
samples of the stream are taken at various points, from which 
the weight of salt per cubic foot of water is measured. 


Let Q = discharge of stream in cu. ft. per sec. 
q = quantity of solution injected in cu. ft. per sec. 


W = weight of salt per cu. ft. of stream water at lower 
section. 


w = weight of salt per cu. ft. of solution injected. 


Then, as the weight of salt injected per second must equal 
the weight per second passing the lower section of stream, 


Gw— OY 


From which. = => 
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This method is very unreliable unless the water is well 
mixed before reaching the lower section at which the samples 
are taken. The average results from all the samples must be 
used. 

86. River Bends. It is known from experience that a river 
flowing round a bend scours the bank on the outside of the 
bend, and material is deposited on the inside. This means 
that the bend is continually increasing, and eventually the 
river breaks through the narrow neck thus formed and makes 
an island of the land which previously formed the inside of 
the bend. After a time the main water course will be through 
the breach and the bent channel will be partly silted up, until 
finally it becomes a horse-shoe lake. These horse-shoe lakes 
are frequently found at the sides of rivers. 


Fra. 98 


The scouring of the outside of a river bend is mainly due to 
the impact of the water as it strikes the bank. Another 
explanation is given by Prof. James Thomson, who accounts for 
it by the action of a transverse current which flows along the 
bottom of the river from the outside of the bend to the inside, 
as shown in Fig. 98. Owing to the centrifugal force the 
pressure of the water on the outside of the bend will increase ; 
but as the water near the surface has a greater velocity than 
that near the bottom, the pressure at the surface will be 
greater than that at the bottom. This will cause the water 
to flow downwards and form a cross current which will trans- 
port material from the outside of the bend to the inside. This 
explanation may be the cause of some of the silting, but the 
main quantity is probably due to impact on the outside of the 
bend and to still water at the inside. 

87. Water Supply and Rainfall. The water supply for a 
district is usually obtained by building a dam across certain 
water-courses, such as mountain streams. As this stops the 
flow of the stream, the inhabitants of the land below the dam, 
who were formerly supplied with water by the stream, must 
be compensated by a daily supply of water from the dam. 
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Such water is known as compensation water, and the quantity 
is fixed by law to be one-third of the total amount collected by 
the dam. As the greater part 
of this compensation water 
must be supplied in the day 
time, it is usual to have a 
special reservoir for it, so that 
the claimants may use it as 
they wish. 

In supplying the population 
of a district with water, the 
following considerations are 
necessary— 


(1) Rainfall. 

(2) Amount lost by evapor- 
ation, absorption, and per- 
colation. 

(3) Maximum period in 
which available supply falls 
short of demand. 


The rainfall of a district is 
measured with a rain gauge, 
such as shown in Fig. 99, Fra. 99 
and is averaged over several 
years. The following list gives the average rainfall, of a few 
districts— i 


Seathwaite . 5 5 . 136 in. per year 
Keswick $ 4 A , GOLF 3; F 
Buxton j ` $ , 54t y» s 
Midlands : : z Ns DO ae, a 
London ‘ ‘ i b ZAD e » 
Manchester . : $ . 3T'4 3 > 


The water supply is reckoned on the three consecutive driest 
years, and the following rules are used— 

(1) The wettest year has a rainfall of 14 times the mean 
rainfall. 

(2) The driest year has 2 the mean rainfall. 

(3) The driest two consecutive years have ł of mean rainfall 
per year. 

(4) The driest three consecutive years have $ of mean 
rainfall per year. 

It is usual to work on the last of these rules. 
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Some of the rainfall is lost by evaporation, absorption, and 
percolation, the amount depending on the nature of the ground 
on which the rain falls. The following table will give an idea 
of the amounts lost by these causes— 


Percolation. Evaporation. 
Rainfall. ees ee 
Soil. Sand. Soil. Sand. Water. 
in. in. in. in. in, in. 
25-7 7:6 21-4 18:1 4:3 20:6 


The average loss from these causes may be taken as from 
10 to 20 in. of the annual rainfall. 

Reservoirs are built in which the water is stored. The 
amount stored should be equal to about 150 days’ supply. 
In towns, small reservoirs, known as service reservoirs, are 
built for district supply. 

The total amount of water required to be stored for the 
whole water supply is given by the following empirical rule— 


where N = number of days’ supply to be stored 


and A = inches of rainfall in three consecutive dry years. 


The demand for the water is not regular, and it is found 
that one-half of the amount used daily will be drawn off in 
6 hours. That is, the maximum rate of flow is 100 per cent 
more than the average rate. This must be taken into account 
_ in designing the supply pipes. 

The amount of water consumed varies in different districts. 
The following figures are an average of the amounts supplied— 


Domestic supply : 

17 galions per day per head in towns. 

12 gallons per day per head in rural districts. 
Trade supply : 

5 to 20 gallons per day per head. 
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The following gives the quantities of water supplied per 
day for several large towns— 


Philadelphia . : . 215 gallons per head 
Glasgow . ; 9 Oe a yD 
Perth . . . . 50 ” ” ” 
Manchester. A , 27 D os 
Liverpool : 5 Gs » » » 
Leicester . à 7 a G » TT 


. These figures include the consumption for trade, domestic, 
municipal, and leakage. The large variation is probably due 
to trade consumption and leakage. For an average, a total 
consumption of 30 gallons per head per day may be used. 


EXAMPLE. 


The average rainfall over a catchment area of 1,680 acres, as determined 
for a period of 35 years, is 36:6in. per annum. Assuming that there is a 
possibility of three consecutive dry years, during which the average rainfall 
is only 80 per cent of the above average, and assuming that the evaporation 
loss in such dry years is equivalent to 15 in. of rainfall per annum, determine 
in gallons the minimum annual yield from this catchment area. 

If one-third of this yield has to be supplied for compensation water, what 
population could be supplied from this catchment area, if the daily supply is 
48 gallons per head ? (London Univ.) 


Minimum average rainfall = 36-6 x 100 = 29-25 in. 
Deducting loss due to evaporation, 
collectable rainfall = 29-25 — 15-0 = 14-25 in. 
Volume of rain collected 
per annum = areca X depth 
14-25 
= 1680 X 4840 x 9 X 497 


= 86,800,000 cu. ft. 
= 542,000,000 gallons. 


Deducting one-third for compensation water, 
actual amount available 
per annum = 542,000,000 x 2 


= 361,000,000 gallons 
Pr AS 361,000,000 
Population supple ne. 


= 20,600 
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88. Hydraulic Jump. Fig. 100 shows water issuing from 
a sluice, at a high velocity, into a channel of uniform 
width. Owing to the frictional resistance of the sides of the 
channel, there will be a loss of energy as the water flows along 
the channel; this will reduce the velocity. At the vertical 
section B the normal type of channel flow is proceeding ; at this 
section the slope of the channel bed is just sufficient to over- . 
come the frictional resistance of the sides, and the flow proceeds 
with a normal velocity V, in agreement with the Chezy formula. 


Retarding Flow Normal Flow 


es 


A) 


Fre. 100.—FORMATION OF STANDING WAVE 


The total energy line for this portion of the channel is the 
2 


y 
dotted line mb, which is at a height of og above the water 


surface. If the dotted line ab represents the total energy line 
of the water as it flows from the sluice, the normal channel 
flow commences at b, where it meets the normal energy line mb. 
The distance between the total-energy line and the water 
surface represents the velocity head. 

The water flowing from the sluice at e has its high velocity 
continuously reduced by the friction of the channel; this 
causes the depth to increase in proportion to the reduction of 
velocity. Let the line ef represent the water surface. Now f 
must be on the same vertical section as the point b for the 
flow to remain stable; in which case the rate of loss of total 
energy has been in proportion to the rate of increase in depth, 
in such a way that both reach their normal values on the same 
vertical section. 

Now suppose the loss of total energy is greater than the 
previous supposition and follows the dotted line am; let this 
total energy line meet the normal energy line at m on the 
vertical section C. The increase of depth will now be at a 
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different rate; let the water surface now lie on the line en, 
meeting the normal water surface at n. This new condition 
will not be stable because the energies on the vertical section C 
do not balance. For a stable ponton at C the velocity head 
2 
29 
will now occur a sudden heaping up of the water surface until 
it reaches the normal channel level at m. This sudden increase 
of depth will reduce the velocity from v to V, and the energies 
of the water will now balance. The sudden heaping up of the 
water at section C is known as the hydraulic jump or standing 
wave. It is caused by the fact that whilst the energy 
loss is proportional to v?, the increase in depth is only pro- 
portional to v. The phenomenon is liable to occur at the 
foot of waterfalls, in the exit channels of sluices, and in the 
vicinity of under-water obstructions. It will be noticed that 
the hydraulic jump occurs at the section where the total-energy 
line from the sluice meets the normal total-energy line of the 
channel.* Actually, there is a small loss of energy at the 
jump which causes the jump to advance upstream to the left 
of section C. This causes a sudden drop in the total energy 
line am at the commencement of the jump. = 

For any given problem the total energy line am and the 
water surface en can be plotted to scale if the following 
assumptions are made : 

(1) The velocity of the water in the channel is constant 
over the cross-section. Actually, the velocity varies consider- 
ably as shown in Figs. 90 to 92. 

(2) The value of the frictional coefficient f is constant at 
all velocities. This is not strictly true as f varies with the 
velocity (Art. 140 and 141). 

89. Specific Energy of a Channel’s Cross-section. Consider 
a constant quantity of water to be flowing through the cross- 
section of the rectangular channel shown in Fig. 101. As the 
quantity is assumed constant, the velocity of the stream will 
depend on the depth. if the depth is small, the velocity will 
be large, as, 

Q 


bd 

* For further information on hydraulic jump see “The Standing wave or 
Hydraulic Jump,” Central Board of Irrigation, Publication No. 7. (Simla, 
India.) 


, whereas it is actually — 29° At this section there 


Y = 
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On the other hand, if the depth is large the velocity is corre-. 
spondingly small. 

The specific energy of the stream at this cross-section con- 
sists of the static energy due to its depth, plus the kinetic 


energy. Or, specific energy : 


=E=dt+y.. B ee) 


This is not the total energy of the water, as no reference has 
been made to any datum height; consequently, the slope of 
the channel is not included in the term specific energy. 

In Fig. 102 the static energy, kinetic energy and specific 
energy for this cross-section have been plotted for a fixed 
quantity of flow and for various 
depths of the stream. The static 
energy is represented by the 
straight line ox; the corresponding 
kinetic energy by the curve yz. 
By adding the horizontal ordinates 
of these two curves the specific 
energy line abc is obtained. It will 
Z = be noticed that the specific energy 

Fig. 101 at first becomes less as the depth 
increases. At the point b the 
specific energy has its minimum value; beyond this point there 
is an increase of specific energy as the depth increases. The 
depth at the point b is the depth at minimum energy, and is 
called the critical depth. For each value of specific energy to the 
right of b, there are two depths for the given quantity of flow 
considered; both of these depths produce the same specific 
energy. 

If a horizontal line is drawn through b, the area above this 
line is known as the area of tranquil flow, the area below is 
known as the area of rapid or streaming flow. 

Consider the condition represented by the line ABC. If the 
total energy conditions are favourable for a hydraulic jump 
(Art. 88) to occur at this section, before the jump occurs the 
flow is rapid, and the depth of the channel is CB; after the 
jump occurs the flow is tranquil and the depth is CA. Thus, 
the depth of the stream has increased from CB to CA whilst the 
energy remains constant, excepting for losses due to turbulence. 
It will be noticed that if a hydraulic jump occurs, it must do 


-< - b - — y> 
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so before the depth reaches the critical depth, because there are 
two depths for equilibrium only before the critical depth is 
reached. 

The depth at minimum specific energy, or critical depth, can 
be obtained by differentiating Equation (1) and equating to 
Zero; OF, 


Depth in Feet 


3 4 5 6 7 
Specific Energy (Feet of Water) 
Fie. 102 


Consider unit width of channel and let Q be the quantity of 
flow through unit width per sec. Then, 
Pa 
=F, 
It should be noticed that this is an approximation only as it 
assumes the velocity to be uniform throughout the section 


considered. l l 
Substituting for v in Equation (1), 


Qd 
2g 


H=d+ 
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dE 2Q2d -3 
then, on 1- me 0 
Q 2 
from which, (5) = gd 
or A GE ae 3 2 : Pent 2) 


hence, depth for minimum specific energy = — 


v 
From Equation (2) it will be seen that Wea = 1 


The term —— is called the Froude number (Art. 145); hence, 
V gd 

minimum specific energy occurs when the Froude number is 

unity. 


EXAMPLE 
Water enters a horizontal channel of uniform width, with a velocity of 
20 ft. per sec. The depth of the water at entrance is 2 ft. Calculate the 
critical depth of the water. 
y2 
Using Equation (2), d = 39.9 


also, quantity per sec. 


per ft. width = 20 eo E a. 

40 G 

hence, d = os = 39-9 

from which, v= 40) X 32-2 

hence, v = 10-9 ft. per sec. 
40 

Then, = 10-9 

= 3:66 ft. 


90. Depth for Maximum Flow at Given Specific Energy. In 
Art. 89 the critical depth of a channel was defined as the 
depth producing minimum specific energy for a given quantity 
of flow Q. The critical depth may also be defined as the depth 
producing a maximum flow for a given specific energy. The 
critical depth satisfies both of these conditions; hence, either 
definition may be used. 

Using the notation of Art. 89, consider the channel of Fig. 
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101, but this time assume the specific energy E remains 
constant whilst the flow Q is varied. Then, 


y2 
e e a are ated e A) 


from which, v = V 2g (E — d) 
Now, Oi AV 
= bd V2g (E = d) 
= b V2g (Ed? — d?) 


hence, Q is a maximum when the term (Hd? — d?) is a maximum. 
Differentiating this term and equating to zero for a maximum, 


dQ r 
e a oe = 0 
from which, H = 3d 


Substituting this value of Æ in Equation (1), 


3 v? 
5 d=d+ 29 
2 
hence, d= - 
g 
or Pae (2) 
NEF ; ; f A ; : ] 


which is the same result as that obtained in Art. 89. Hence, 
the depth of a' channel for maximum flow, for a given specific 
energy, is the critical depth. 

It will be proved in Art. 244 that the velocity given by 
Equation (2) is also the velocity of surface waves in shallow 
water; that is, when the Froude number equals unity. It is 
found from observation that the flow in a channel changes 
to surface wave formation as soon as the critical depth is 
reached; the flow of these shallow water surface waves is 
dealt with in Art. 244. 

91. Depth at Hydraulic Jump. The depth of the water in 
the channel after the hydraulic jump has occurred can be 
calculated by equating the force on a section of the water to 
its rate of change of momentum. Let Fig. 103 represent the 
water in the vicinity of the hydraulic jump. Consider the 
equilibrium of the mass of water between two vertical sections 


202 HYDRAULICS 5 


(1) and (2), one before the jump and the other after. Consider 
unit width of channel, dimensions being in feet. 


Let p, v and d, apply to water at section (1) 
Pz, V2 and d, apply to water at section (2) 


q = quantity of water flowing per sec., per unit width 
= vd, = vd; 
w 
Now, average pı = ai 
d 
and average pa = = 


Fre. 103..—DEPTH at HYDRAULIC JUMP 


Horizontal force on section (2) = p X cross-sectional area 


= Pady 
a wd,” 
ERY 
; ; wd,” 
Horizontal force on section (1) = Da 
Now, force = mass per sec. X change of velocity 
r wd, wd? wq 
that is, ae to Sigh cee ; ; ‘ ` (1) 
Kah ae 
but, y= a: and v, = d 


g 
20? / d>- dı 
or (a-d) (h +) = E (2e) 
MP 
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that is da2 Pe 
> Ae aU, 


Solving this quadratic for n 


a a TAE o o 
Substituting for q = vd}, 


KNEdi JE dy? 
a=- aE n 


From this equation the depth of the channel on the down- 
stream side of the jump can be calculated. 


Loss of energy due to jump 
v D 
=(¢+a)-(2+a) a 
EXAMPLE. 


Water is flowing along a channel of uniform width, the quantity of flow 
being 40 cu. ft. per sec. per ft. width of channel, causing a standing wave to 
occur. If the depth of the water on the upstream side of the standing wave 
is 3 ft., find the height of the wave. 


Calculating on 1 ft. width of channel, 
q = 40 cu. ft. per sec. 
dı = 3 ft. 


Using Equation (2 


2x 40 32 
da 3, E 


= — 1-5 + V33-2 + 2-25 
eed oh -04 a Adit 
Height of wave = d,— a, 
= 4:44 - 3-0 
= 1-44 ft. 


92. Non-uniform Flow in Channels. Fig. 104 represents a 
longitudinal section of a channel in which the velocity of the 
water is not constant. Owing to the frictional resistance of the 
sides and base of the channel the water is slowing down; this 
causes an increase in the depth, as the quantity of flow is 
constant. 
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Consider two vertical sections at a distance di apart. 
Let v = velocity of flow at left-hand section 
d = depth at left-hand section 


aes fl otal Energy Line 


Sle E E E 


— 


Fig. 104 


(In the present article, the symbol d in roman type represents 
“depth,” whereas the italic symbol d represents the differential 
coefficient. ) 

Let the velocity change by dv and the depth by d(d) over the 
length dl. Actually dv is negative for the case shown in Fig. 104. 
Let a= slope of total energy line 

i = slope of base of channel. 
Applying Bernoulli’s equation to the two vertical sections, and 
assuming the base of the channel at the right-hand section 
to be the datum line, : 


2 2 
idl +d+ 5 =4 - d(d) 4 eo! L adl 


From which, idl = d(d) + _ + adl 


if small quantities of the second order are ignored. 

d(d) . vdeo 

ial nies Gola 5 : - 3 (1) 
But, quantity of flow per ft. width of channel 


Hence, 


= Q = v x d = a constant 


hence, x = 
d(vd 
or Ge) == 0 
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d 


differentiating, and treating both v and d as variables 


d(d) dv 
Cie a = 
; do w d(d) 
from which EE T, : $ : (2) 
Substituting Equation (2) in Equation (1), 
: ad) _, , #8 dd) 
Ween gd. ©” 
; d(d) v? > 
that is, wTU-5)=i-e 
7 AD ina 
a =) Naa Peel Heme oo. 5) (3) 
\ gd 


This equation represents non-uniform flow in a channel; it 


: ; d(d) . 
will be noticed that xa) is the slope of the water surface. 


dl 
From Equation (3) it will be seen that if « = 7, then 
A 
d 


and the flow is then at uniform depth. 
It was shown in Art. 89 that when 


v2 
gd = 
the critical depth for the channel is reached. If this condition 


] 


i d(d 
is inserted in Equation (3), it will be noticed that aa becomes 


equal to æ ; the water surface would then be vertical. This 
condition is never reached in practice as Equation (3) would 
not hold for this extreme limit, as small changes only have been 
assumed. Either steady flow would have been reached, or a 
hydraulic jump would have occurred, before this condition of 
critical depth could be attained (Arts. 88 and 89). 
h 
It will also be noticed that a = a 
‘lost in friction and eddies, but h, œ f where f is a frictional 


coefficient. 


where h, is the total head 
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Actually f will vary with the velocity and with the surface 
of the channel sides; it will not be constant, as has been 
assumed in the above solution; therefore a is not constant 
throughout the length of channel. From this it appears that 
Equation (3) has no practical value. 

93. Venturi Flume in Channel. The quantity of water 
flowing along a channel can be measured by restricting the 
width as shown in Fig. 105. This is known as a Venturi flume 


q 
NI& Ie (Total Energy Line 


cs = =: MORRE Oe Ae pate E 4+ ae ee ee = 
a 
Y <! Elevation 


l 
I 
t 
t 
| 
l 
L 
l 
| 
l 
(i 


A = Plan 


Fie. 105 


and corresponds to the throat of a Venturi meter, used for the 
measurement of pipe flow. _ : 

Let B, V, and H represent the normal breadth, velocity, and 
depth of the channel at entrance of the flume. Let b, v, and h 
represent the vreadth, velocity, and depth at the narrowest 
part of the flume. 

As the quantity of flow past all sections is the same, 


Q= VBH = bh cnal Aen Ck Oe 


It will be noticed that v is larger than V on account of the 
restriction of the cross-section; hence, the water level may 
fall in the narrow portion of the flume, as the total energy 
remains practically constant. This is demonstrated in the 
sectional elevation of Fig. 105. 
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Let H, = total energy at any section. 
Applying Bernoulli’s equation to the inlet and throat, and 


neglecting all oe, 
WH E TA = +5 ‘ : ; : (2) 


as the depth of water Peace its static head plus datum 
head. 


From Equation (2), 


v = V (H,-h)t 
also, D bhv 
hence, Q= bV h (H, - ; A ; (3) 
= (Hh? — ae 


where k is a constant for a given flume, which includes all losses. 
It will be noticed from this equation that Q is a maximum when 
(H,h? — h?) is a maximum. 


dQ 
Hence, m = 2H jh—3h? = 0 
then, 2H, — 3h = 0 
or (it ih o : : (4) 


This proves that the flow through the flume is a maximum 
when the depth at the throat is two-thirds of the total energy 


of flow. This is the critical depth at the throat, as — = TE = 
Vg ù 


Substituting this value of h in Equation (3), 
Maximum Q = bv 2g . 3H,(H, - #H,)t 
: = 3-09 bH? ) 2 o W 


For any flow through A channel, the ane of flow can 
be calculated by measuring the depths at the entrance and 
throat of the flume. The equation for the quantity is the same 
as the equation for a pipe Venturi meter deduced in Art. 27. 
Or 


= 
/ A? — 


where A = area of ae at entrance in sq. ft. 


D = 2S ae 


VH —h) cu. ft. per sec. 
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and a = area of flume at throat in -sq. ft. 
BH x bhv 2g ,——~ 
Then, Q = UTA. VES : E — O 


This should be multiplied by a coefficient, found experimentally, 
in order to allow for any losses in the flume.* 

It is possible for a hydraulic jump to occur in the downstream 
portion of the flume if the conditions for the formation of the 
jump are favourable (Art. 88). 


EXAMPLE. 


In a Venturi flume the floor is horizontal and the throat is rectangular. 

The width of the throat is 1 ft., and the width at inlet is 1-5 ft. On the 
downstream side a ‘ 
exist at the throat. 

If the rate of flow is 1-5 cu. ft. per sec., find the depth of water at the throat 
and at inlet. 


Assume that the coefficient of discharge is unity. (London Univ.) 
Using Equation (5) for maximum flow, 


‘jump”’ occurs so that the conditions for maximum flow 


Q = 3-09 b HÈ 
that is, 1-5 = 309% E S 
from which i= EA 
z 3:09 
= ‘618 ft 
From Equation (4), 
h = $H, 
S x -618 
== 413 ft 
Using Equation (2), 
Oe 
DAD IES 
then, v= A 29g Xx = 
= 3-64 ft. per sec. 
y2 
Also, H + og = $ 
and, from Equation (1), H = By 


* For practical information on hydraulic flumes, see Central Board of 


Irrigation Publication No. 6 (Simla, India), by A. M. R. Montagu, entitled 
“Fluming.” 
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hence, BY ate TN H, 
. 1-5 y2 
that i —— + — =. 
at is, L57 + 2g 618 
or 64:4 + V3 = 39-8V 


Solving this equation by trial or by plotting, 
V = 1-76 ft. per sec. 


Then, TF id e 


EXAMPLES 7. 


: ; 157: 
(1) Using Bazin’s formula C = A, find the value of C for a broad 
1+ — 
Vm 
shallow river of 2 ft. doep. (Take wetted perimeter as breadth of river.) 


Ans.—59-2. 


(2) A channel 10 ft. wide at the bottom and with sides stoping 1 to 1, has 

a slope of 3 ft. per mile. What would be the discharge if the water is 4 ft. 
deep in the channel and C = 95 in the equation v = O Vmi. (London Univ.) 
Ans.—205-5 cu. ft. per sec. 


(3) Find the maximum discharge for least excavation of a rectangular 
channel 10 ft. wide, when C = 105 and slope = 1 in 1,000. 
i Ans.—262:5 cu. ft. per sec. 


(4) Explain what is meant by the “ best cross-section ” for a channel, and 
how it is determined. 
A channel with side slopes at 45° is to have a cross-section of 120 sq. ft. 
Determine the dimensions for the best section. (London Univ.) 
Ans.—Depth = 8:1 ft. Base = 6:7 ft. 


(5) Deduce the formula for the depth of water in a circular conduit for 
maximum discharge. 
Find the depth for maximum discharge in a circular brick sewer 4 ft. 


diameter. (London Univ.) 
Ans.— 3°8 ft. 


(6) A district has a drainage area of 2,500 acres, with a population of 20 
persons per acre. The daily water supply to the district is equal to 40 gallons 
per head. During dry weather it is found that 7 per cent of the daily dry 
weather flow passes along the sewer between the hours of 12 noon and 1 p.m. 

Assuming a maximum rainfall of lin. in 24 hours over the whole area, 
determine the diameter of a circular sewer, having a slope of 1 in 3,000, which 
will take the maximum dry weather flow and the rainfall, without the sewer 
becoming more than half full. [Assume © = 130.] (London Univ.) 

Ans.—8-93 ft. 
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(7) The bed of a stream has a slope of 1 in 1,000, and the depth of the 
water is 3ft. A dam is to be built across the stream and provided with a 
sluice gate. Find the height of the dam so that the rise in level of the water, 
when the sluice gate is closed, may be limited to 7:5 ft. Take C = 65 in the 


formula v = C V mi, the coefficient of discharge of the dam, as a weir, +56, 
and assume, in calculating m, that the breadth of the stream is large in 
comparison with the depth. (London Univ.) 

Ans.—8:17 ft. above bed of stream. 


(8) A rectangular channel is 5 ft. deep and 10 ft. wide. If the value of C 
in Chezy’s formula is 100, determine the discharge if the gradient is l in 1,000. 
(A.M.I.Mech. E.) Ans.—250 cu. ft. per sec. 


(9) Show how the basic formula for steady flow in channels of constant 
slope and section is derived. 

The depth of water in a circular brick-lined conduit, 6 ft. in diameter, is to 
be 5 ft., and its capacity 50 million gallonsaday. The water surface subtends 
an angle of 96° 20’ at the axis of the conduit. What must the gradient be ? 
C = 123. (A.M.I. Civil E.) Ans.—szpy5- 


(10) You are required to ascertain the discharge of a river by means of 
current meter observations. Describe with diagrams the procedure at the 
site, and explain carefully how you would arrive at the discharge from your 
meter readings. The meter may be assumed calibrated and ready for use. 
(A.M.I. Civil E.) 


(11) A concrete-lined channel has a bottom width of 10 ft., side slopes of 
1 horizontal to 3 vertical, and a gradient of 1 in 800. When flowing 3 ft. 
deep, it is found to have a capacity of 220 cusecs. What is the value of C ? 
(A.M.I. Civil E.) Ans.— 133 


(12) A stream is 40 ft. wide at water level. At horizontal intervals of 5 ft. 
the following results are obtained by current meter— 


Distance from bank. Ft. 0 | 2-5 | 7-5 |12-5/17-5 |22-5 |27-5 |32-5 |37-5| 40 
Depth of water. Et OU UO 22 S224 AS - ON oad |e) ple aaa) 
Mean velocity on vertical 

Ft. per see. : - | — | 1:57 1-9} 2-2) 2-9) 3-3) 2:7) 18) 1-4) — 


What is the discharge in cusees ? (A.M.I. Mech. E.) Ans.—283-8 cusecs 


(13) Deduce the Chezy formula for uniform flow in channels. An irrigation 
channel has a gradient of 1 in 2,000, a bottom width of 16 ft., and side slopes 
of 1 vertical to 2 horizontal. If the depth of water is 4 ft. and the value of 
C is 90, what is the mean velocity and the capacity in cusecs ? (A.M.I. Mech. E.) 

Ans.—v = 3:38 ft. per sec.; Q = 324 cusecs. 


(14) A brick-lined sewer has a semicircular bottom and vertical side walls 
2ft. apart. If the slope is 1 in 1,000 determine the discharge when the 
maximum depth of water is 3ft. Take C in Chezy’s formula as 90. 
(A.M. Inst. C.E.) Ans.—14-05 cusecs. 


(15) Find the downstream height of a hydraulic jump occurring on a level 
bed when the upstream depth is 3 ft. and velocity 35 ft. per sec. 
What conditions are necessary for a jump to occur? (London Univ.) 


Ans.—14-7 ft. 
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(16) Explain the meaning of the term critical depth used in connection with 
non-uniform flow along open channels. Show that in the case of non-uniform 
flow along a rectangular channel having a constant width of B ft. the critical 
depth is given by 


e D, = 3/@ 


where Q is the quantity of water flowing along the channel in cusecs. (London 
Univ.) 


(17) A sluice spans a channel of rectangular section 60 ft. wide, has an 
opening 24 ft. deep, and discharges 1720 ft.3/sec. of water. If a standing wave 
is formed on the downstream side of the sluice, determine the probable height 
of the crest above the upper edge of the sluice. (London Univ.) 

Ans.—0°92 ft. 


(18) A Venturi flume is now frequently employed for the purpose of measur- 
ing the quantity of water flowing along an open channel. Explain how the 
venturi flume operates and describe the method of calculating the quantity 
from the experimental observations. (Lond. Univ.) 


(19) Show that the slope of the water surface at any point along a horizontal 
rectangular open channel is given by 


Be Ls 

dL _2m(Q? — gB?D3) 
where Q is the quantity in cusecs; D is the depth, B is the width and m is the 
hydraulic mean depth; f is the coefficient of friction. (London Univ.) 


(20) Derive a formula for the change in level produced at a hydraulic 
jump. Show that a jump is impossible if the depth exceeds the critical depth. 
Water flows in a horizontal conduit of rectangular section with a velocity of 
10 ft. per sec. where the depth is 2 ft., at which section a jump occurs. Calcu- 
late the depth after the jump and the energy lost per lb. of water. (London 
Univ. 

Ans.—2-67 ft; -014 ft. lb. 


(21) Show that the discharge of a Venturi flume with a horizontal bed can 


be expressed as Q = kbH® where b is the breadth at the throat and H is the 
‘“still-water’? head measured upstream. Assume that a standing wave will 
occur after the throat, and neglect friction. Calculate the discharge where the 
throat is 6 in. wide, the contraction of width is 14 : 1, and the depth in the 
9 in. section is 8in., using a method of successive approximation. (London 
Univ.) 

Ans.—2-03 cu. ft. per sec. 


(22) A Venturi flume is to be installed in a channel conveying water with 
the object of raising the level of water upstream. The channel is rectangular 
in section and is 40 ft. wide, has a gradient of 1 in 6400 and a depth of water 
5 ft. The width of the throat section of the flume is 20 ft. If the bed of the 
flume at the throat is a streamlined hump, find the necessary height of the 
hump in order that the depth of water on the upstream side shall be 6 ft. 
Take v = 140 V mi for the channel, ignore hydraulic losses in the flume, and 
assume that a standing wave is formed on the downstream side of the hump. 


(London Univ.) 
Ans.—2 ft. 


CHAPTER VIII 
RECIPROCATING PUMPS 


94, Types of Reciprocating Pumps. There are two main types 
of pumps, centrifugal and reciprocating ; the latter type only 
will be dealt with in this chapter. A reciprocating pump is 
driven by power from an external source and consists of a 
cylinder in which a piston or plunger is moved backwards 
and forwards. This movement of the plunger creates alter- 
nately a vacuum pressure and a positive pressure in the cylinder 
by means of which the water is raised. If a plunger is used, or 
if the water acts on one side of the piston only, the pump is 
single acting. In this case it sucks the water into the cylinder 
on the outward stroke and forces it out during the inward 
stroke. If the water acts on both sides of the piston it will 
suck and deliver during one stroke ; such a pump is said to be 
double acting. 

Pumps which raise the water by suction only are known 
as suction pumps. Such pumps are only suitable for low 
lifts, as the maximum height through which water could be 
lifted by this type of pump is theoretically equal to the 
barometer reading and actually to about 25 ft. 

Pumps which lift water by means of pressure are known as 
force pumps. 

95. Force Pump. A diagrammatic view of a force pump 
is shown in Fig. 106. The rotation of the crank causes the 
plunger P to move backwards and forwards in the cylinder C. 
During the suction stroke the plunger moves to the right, 
which causes a vacuum in the cylinder. The atmospheric 
pressure on the water surface forces the water up the suction 
pipe S; this forces open the suction valve a, and the water 
enters the cylinder. On the return stroke of the plunger the 
water pressure closes the suction valve and opens the delivery 
valve 6; the water is then forced up the delivery pipe D and 
so raised to the required height. i 

The theoretical volume of water raised per revolution is 
equal to the stroke volume of the cylinder if the pump is 
single acting, and to twice this volume if double acting. 
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Actually, the amount lifted is less than this volume, owing 


to losses: 


96. Work done by Pump. Referring to Fig. 106, let r be the 
radius of crank and L be the length of stroke, in feet. 


Fra. 106 
Then, Tes or 
Let A be the cross-sectional area of piston in square feet. 
Then, . 


theoretical volume of water 

pumped per stroke = AL 
and, 
theoretical weight of water 

per stroke = wAL 

Let H, = height of centre of cylinder above water surface 
and H,= height to which water is raised above centre of 
cylinder. 
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Then, total height lifted = H, + Ha 


Let va = velocity of water in delivery pipe 
va 
Velocity head of water leaving delivery pipe = 5g 
As va is usually small and varies during the stroke, it may 
be neglected unless the total lift is very small. 


(Worthington Simpson, Lid.) 


Fie. 107.—Srctrion or HORIZONTAL DUPLEX STEAM PUMP 


Let W be the weight of water per second actually lifted. 


Work done = W(H, + H,) ft. lb. per sec. 
W(H, “ta Ha) 


Theoretical horse-power required = 550 


The actual horse-power required would be greater than this 
on account of frictional resistance of water and mechanical 
parts, and of leakage. 

The ratio of the actual volume of water discharged to the 
volume swept through by the plunger is called the coefficient 
of discharge. 
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W 

62-4 ALn 
where n = number of suction strokes per second. 

The difference between the volume swept through by the 
plunger and the actual discharge is called the “ slip.” 

In the case of pumps with a long suction pipe and a low 
delivery head, the pressure due to the inertia of the column of 
water in the suction pipe will be large compared with the 


Or, coefficient of discharge = 


ae Delwery Stroke 
— 


Fia. 108 


pressure on the outside of the delivery valve, especially if the 
speed is great. This may cause the delivery valve to open 
before the end of the suction stroke, and a greater volume of 
water will be delivered than that swept through by the plunger. 
This makes the theoretical discharge less than the actual; the 
. slip will then be negative and the coefficient of discharge will be 
greater than unity. 

A diagram showing the work done by the pump during a 
complete cycle is shown in Fig. 108. The diagram shows the 
- pressure on the plunger, or on one side of the piston if double 
acting, plotted as the vertical ordinate, whilst the length of 
the stroke is represented by the horizontal ordinate. The 
horizontal line fe represents atmospheric pressure. The line 
dc is the pressure in the cylinder during the suction stroke, 
it being below the atmospheric line by the amount H,. The 
line ab represents the pressure in the cylinder during the 


8—{T.5167) 
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delivery stroke, and is above the atmospheric line by the 
amount Ha The area dcef is the work done by the 
plunger on the suction stroke, and a bef is that done on the 
delivery stroke. Then, total work done per revolution is given 
by the area abcd. If the pump is double acting, the work 
done is twice this amount. 

Such a diagram may be obtained automatically by means 
of an indicator placed on the cylinder, and is consequently 
called an indicator diagram. 

An actual diagram taken by an indicator would be similar 
to Fig. 108 if the pump were running at a low speed. 


EXAMPLE. 


A single acting reciprocating pump has a piston area of 1:5 sq. ft. and a 
stroke of 12in. The cross-sectional area of the delivery pipe is -3 sq. ft. and 
the water is lifted through a total height of 40 ft. If the speed of the pump 
is 60 revs. per min., and the actual quantity of water lifted 550 gallons per 
min., find the slip, the coefficient of discharge, and the theoretical horse-power 
required to drive the pump. ~ 


Volume swept through by piston = 1:5 x 1:0 
= l5 ceu. ft 
; 60 
Theoretical volume pumped per sec. = 1-5 X 50 
== 1-5 Cus fo. 
Actual vol d a 
ctual volume pumped per sec. = 60 x 6-24 
= een cu. te. 
Slip = 1:5- 1-47 
= -03 cu. ft. per sec. 
03 
= IE x 100 
= 2 per cent. 
> ; 1:47 
Coefficient of discharge = o 98 per cent. 
Total pressure head = e e al 


= 40 ft. of water. 
550 X 10 40 

60. ™* 550 
= 6-67. 


Theoretical horse-power = 
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97. Variation of Pressure due to Acceleration of Piston. 
Owing to the reciprocating motion of the plunger or piston, 
it will have an acceleration at the beginning and a retardation 
at the end of each stroke. This will transmit a corresponding 
acceleration and retardation to the water in the suction and 
delivery pipes, the inertia of which will cause a variation of 

the pressure in the cylinder. 
_ In order to simplify the problem it is usual to assume that 
the piston moves with simple harmonic motion. This would 
_ be the case if the connecting rod were very long compared 
| with the length of the crank. 

Consider the diagrammatic view of the crank and connecting 
rod of Fig. 109. Let the crank be rotating with an angular 


Fie. 109 


velocity w. Suppose it has turned through an angle 6 in the 
time ¢ sec., and assume simple harmonic motion. 


Then, 0 = wt 
Displacement of piston 
from end of stroke S 7 1 O 
X : 
Velocity of piston =0=% = orsin wt ; SE) 
; ; dw 
_Acceleration of piston = f = mT w’r cos wt ; ae 5 (2) 


‘ Let A be the area of piston and a be the area of pipe. Then, 
as volume of water flowing from pipe per second equals volume 
of water flowing into cylinder per second, 


' A 
velocity of water in pipe = velocity of piston x m 


= — or sin wt 


bh S| 


=— i 5 ; : 3 
q 2r sin (3) 
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acceleration of water in Al 
pipe =fx= 
A 
= — w’*r cos wt 
a 
A 
ae, wr cos 0 ; : «om (4) 


Let l = length of pipe through which water is flowing. 


Then, weight of water in pipe = wal. 
Let p, = intensity of pressure due to acceleration of water 
in pipe. 
. From Newton’s laws of motion, 
accelerating force = mass X acceleration 


That is, pha — E EI 


Or, Pa = Sf 


Let H, = acceleration pressure in feet of water 


Then, mH = 
Substituting for f from Eq. 2. 


A 
HH, =- xX = oF COSO ‘ : : eG) 
a 


QIN 


The pressure head due to acceleration acting on the piston 
will, therefore, vary with the angle 0. 


At the beginning of the stroke when 0 = 0, cos 0 = 1 
then, Jil = a A wr 
g a 
At the middle of the stroke when 6 = 90, cos 0 = 0 
then, eva 4) 


At the end of the stroke when 0 = 180, cos 0 = - 1 


then, H LA wr 
ga 
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If simple harmonic motion is not assumed, the acceleration 


: r 
of piston at dead centres = wr (1 SAP where L is the length 


of the connecting rod.* Then, at beginning of stroke, 
LA r 
mae ant Ae ath 
See or (1 +5) 
At end of stroke, 


98. The Effect of Acceleration in Suction Pipe. Consider the 
suction stroke of the pump of Fig. 106. As the piston moves 
along the cylinder it must produce a vacuum sufficient to lift 
the water up the height H,, and also to accelerate the water. 
The vacuum pressure in the cylinder must, therefore, equal 
H,+4H,. If this vacuum pressure reaches 26 ft. of water, 
that is 8ft. absolute, the water commences to vaporize 
and cavities of dissolved gases and vapour are formed. This 
will cause the water in the pipe to separate and flow in sections ; 
the flow is then no longer continuous and vibrations and 
“ knocking ” will occur. This phenomenon is known as 
separation or cavitation and must be prevented. 

The suction stroke of the indicator diagram of Fig. 108 must 

now be modified to take into account the acccleration head. 


Let l, = length of suction pipe 
and a, = cross-sectional area of suction pipe. 


Then, H, = ; x Ean cos 6 
8 

At the beginning of the suction stroke this must be added 
to the suction head as the piston is accelerating the water. 
The equation gives a straight sloping line, the accelerating 
head being zero at the centre of the stroke. At the end of 
the stroke the water causes a positive pressure on the piston 
in retarding, which reduces the vacuum pressure in the cylinder. 

The new indicator diagram for the suction stroke is shown 
in Fig. 110. The accelcration head H, is added to the vacuum 
head at the beginning of the stroke and subtracted at the end. 
The work done is now represented by the area fmne; but 
as this equals the area f dce, the net work done remains as 


* See textbooks on Mechanism. 
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before. Thus, the inertia of the water does not affect the net 
work done, but only causes a variation of the pressure in the 
cylinder. The piston does work on the water in accelerating 
it during the first half of the stroke, but receives it back in 
retarding it during the latter half. j 

If simple harmonic motion had not been assumed, the 
straight sloping line m n would have been slightly curved. 
if e 


oO oO 
Fia. 110 


In designing pumps, the point m (Fig. 110) must not fall 
below the separation pressure of the water. Or. 
H, + H, must not be greater than 26 ft. of water. 


This may be arranged by varying H, l., the ratio á , or the 
speed of the pump. Oe 
EXAMPLE. 


A single acting pump has a plunger diameter of 5 in. and a stroke of | ft. 
The length of the suction pipe is 30 ft. and the diameter 3in. Find the 
acceleration head at the beginning of stroke when the pump is running at 
30 revs. per min. If the height of pump’s centre is 10 ft. above the water 
level in the sump, find the pressure head in the cylinder at beginning of stroke. 


At beginning of stroke, cos 6 = 1, 


a 


80 © /5\/2780)2 
= 99:5 ~\ 3 | a 


= 12-75 ft. of water. 
Pressure head in cylinder = 34- H,- H, 
34 — 10 — 12-75 
11-25 ft. of water. 


Then, H, =x ay: 


Il 
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99. The Effect of Acceleration in the Delivery Pipe. The 
column of water in the delivery pipe will be accelerated at 
the beginning of the delivery stroke and retarded at the end, 
in the same way as that in the suction pipe. But, as the 
delivery pipe may be much longer than the suction pipe, the 
lift of the latter being limited to 26 ft., the accelerating head 
in this case may be very large. 


. Let lg = length of delivery pipe 


and aa = cross-sectional area of delivery pipe. 


anens, Aut. = Baise aes cos 0 
g ag 
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Jn Fig. 111 the indicator diagram of the delivery stroke of 
Fig. 108 is shown with the acceleration head added. The work 
done is the area e f q p, and is not affected by the acceleration 
of the water. The minimum pressure head in the cylinder is 
represented by the point q and equals 


> H a. H a 
above atmosphere. In absolute units this becomes— 
gyi A Jile 
This amount must not be less than 8 ft. of water, otherwise 
separation will take place at the end of the stroke. The 
limiting condition is, therefore, when 
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Or, when 
Hg = 26 + E 


If the delivery pipe of the pump is vertical, both sides of this 
equation will increase with the length of the pipe; in which 
case it is highly improbable that H, would be greater than Ha. 

Consider the delivery pipe of a pump to be bent either to 
the form shown in Fig. 112 or to that of Fig. 113. Let the 
length of pipe and height lifted be the same in both cases. 
The conditions at points a in both figures will be the same, 
there being no difference in the values of H, and H, in either 


b. 


a ; 
Fie. 112 Fie. 113 


case. If separation takes place it would do so at the point b 
of Fig. 112; for at this point Hg is zero and there is still a 
considerable length of pipe beyond b which affects H,. 


EXAMPLE. 


A single acting pump has a piston diameter of 6 in. and a crank radius of 
l ft. The delivery pipe is 3in. diameter and 100 ft. long. The water is 
lifted 100 ft. above the centre of the pump. Find the maximum speed at 
which the pump may be run so that no separation takes place during the 
delivery stroke. Neglect the velocity head in the delivery pipe and assume 
separation occurs at an absolute pressure of 8 ft. of water. 


Referring to Fig. 111, separation takes place when 
He -34 1 es 


or, Ja ka = H, + 26 
= 100 + 26 = 126 ft. of water. 
l 
But, at end of stroke, H, 2 pd Aor 
l 2 
Therefore, 126 = = x A DE Se 


From which, O= R22 
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Let n = number of revolutions per minute 


2m Nn 
Th -n 
en, w 60 i 
-22 
Hence, n = 2 A ee 
Qa 


= 30-6 revolutions per minute. 


100. Work done against Friction in Pipes. There will be a 
frictional resistance to the flow in the suction and delivery 


p 
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pipes which follows the ordinary friction laws dealt with in 
Chapter VI. 

For any point of the stroke the velocity in the pipe is given 
by Equation (3), Art. 97— 


A ; 
v = — or sin 0 
a 


F 4fl : 
Head lost in friction = h, = oe x = 


where f = coefficient of friction. 

At the two ends of the stroke, sin 6 = 0, therefore the 
velocity in the pipe is zero, and there will be no loss of head 
due to friction. 
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h, has its maximum value when 6 = 90, that is at the 
middle of the stroke, when 


4fl/A \3 
n= as") 


The equation for hp is a parabola. If the frictional head is 
added to the indicator diagrams of Figs. 110 and 111 the com- 
bined indicator diagram will be as shown in Fig. 114, the 
parabola mrn being the work done against friction in the 
suction pipe, and the parabola q s p being that of the delivery 


pipe. 
Total work done during 
suction stroke = area efmrn 


= areaefdc-+ areamrn 
Total work done during 
delivery stroke 


area efqsp 
= area ab ef + area gq sp 


As the mean ordinate of a parabola is equal to two-thirds 
of the maximum ordinate, 


: ; ° 2 
mean ordinate of suction pipe parabola = 3 hy, 


Oa Ae 
E ie o or) 
where the suffix s applies to the suction pipe. 
Work done against friction 
during suction stroke = area of parabola mrn 
Work done against friction 2 4f1,/A X 
per sec. Mees) 6 ) x W 


In the same way, work done against friction during delivery 
2 
soko per sec. = 3 Fae ie 


De ail eames 
=m x 7x (=r) x W ft. lb. 
where the suffix d refers to the delivery pipe and W is weight 
of water pumped per sec. f 
Total work done per 


2 2 
second T W Q JF he = 3 hy, == =i, 
Š j / 
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The vacuum pressure on the piston during the suction 
stroke for any angle 0 of the crank 


= H,+H,+h,, 
lLAw*rcos6 4f1,/A : Z 
= San as Pale orsino) ft. of water 


The pressure on the piston, above atmosphere, during the 
delivery stroke is equal to 
la A œr cos 6 al 
H + 41 
. J Aa i da 2g 
It will be noticed that in both these equations the acceleration 
head is a maximum at the ends of the stroke and zero at the 
centre, whilst the frictional head is zero at the ends and a 
maximum at the centre of the stroke. 


A 2 
—or sin 6) ft. of water 
Ag 


EXAMPLE. 


A single acting pump has a stroke of 1 ft. and a piston diameter of 6 in. 
The centre of the pump is 15 ft. above level of water in sump and 100 ft. 
below delivery water level. The lengths of the suction and delivery pipes 
are 20 ft. and 120 ft. respectively, and their diameters are 3in. The coefficient 
of friction for these pipes is -01. If the pump is working at 30 revs. per min., 
find the pressure head on the piston at the beginning, middle, and end of 
both strokes, and find the horse-power required to drive the pump. (Ignore 
the velocity head of the discharge water.) 


(1) SUCTION STROKE. 


ANETA 
At ends of stroke H S x aon 


20 | /6\#/2 30)? 
=39.9*\3}] \"60 ) ~*~? 


= 12-3 ft. of water. 


; 4fl, /A 2 
At middle of stroke, hi, = OF (Ear) 


‘ 4a >< 20 27 30 2 
SPELT Waa Ne x 
1x 64-4 60 
= 1-96 ft. of water. 


Pressure at beginning of stroke = H, + Ha 
= pee e 
= 27:3 ft. of water (vacuum) 
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Pressure at end of stroke 


Pressure at middle of stroke 


(2) DELIVERY STROKE. 


At ends of stroke 


At middle of stroke hy 


a dy 2g 
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= H,-H, 

15 — 12:3 

2-7 ft. of water (vacuum) 
= H,+h,, 

15 + 1-96 

16-96 ft. of water (vacuum) 


120 6 \2 (27 30\2 
32-2 3 60 
= 73-8 ft. of water. 
4 2 
E e (= or) 
a 


ie 4-01 120 4 
mee OTT he 
11-75 ft. of water 


27 30 
60 


x4) 


Pressure at beginning of stroke = Ha + H, 


Pressure at end of stroke 


Pressure at middle of stroke 


Work done per stroke 


Weight of water per stroke= W= 62-4 x a 


100 + 73-8 

173-8 ft. of water 
(above atmos.) 

100 — 73:8 

= 26-2 ft. of water 

(above atmos.) 


= HS + hy, 
100 + 11-75 


111-75 ft. of water 
(above atmos.) 


= p X area X length 
wH x volume of cylinder 


= Weight of water per stroke 
uel 


-5)2 
z (5) x I 


12-25 lb. 


RECIPROCATING PUMPS 227 


Work done during suction stroke 


2 
=W (a, +5 hn) 


= whs +(5 % 1-96) 


= 16-31 W ft. lb. 
Work done during delivery stroke 


ll 


2 
w(a +5 hy 4) 


= wW $100 + (5 x 11-75) 
= 107-8 W ft. lb. 
Total work done per revolution = W(107-8 + 16-31) 
= 12-25 x 124-1 = 1520 ft. lb. 
1520 x 30 
33,000 
= 1:38 


Horse-power required = 


101. Maximum Vacuum Pressure during Suction Stroke. It is 
not quite clear from Fig. 114 which part of the suction stroke 
will have the maximum vacuum pressure. A part of the 
curve mrn may fall below m; in which case separation may 
occur at some point other than the beginning of the stroke. 

The velocity head of the water in the suction pipe is con- 
verted into pressure head on entering the cylinder, therefore 
the maximum vacuum pressure will occur just inside the 
suction pipe at the section where it enters the cylinder. 

Let the total vacuum pressure in the pipe at this section = H, 
and v, = velocity in suction pipe. 


2 
hens 7. = 1H H. tn thy 
Substituting the values of Ha, V, and Ayin terms of 6, 


1, A ve 4 fl 
= "H SEE Ge ee ee 
H = beeen 8 Ot Bg +55) 


TEA A \? wr? sin? 4fl 
aes CR pee D PEA | ieee ae eS pee Es 
= H, + 25 orcos 0 + (=) 2g (1+ a 
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Differentiating, 
dH Le (<)> saget se) 
nn pre E = Pa 
PTA hee eer i. 7 a, 
= 0 for maximum vacuum pressure. 
A sin 20 
But sin 0 cos 0 = 5 
3 A sin20 4fl, 
Hence, -l sin 0 na 3 (1+ A) =0 
Hence, 0 = 0 for maximum vacuum pressure. 
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The vacuum pressure is, therefore, a maximum at the 
beginning of the stroke. 

Hence, if separation occurs during the suction stroke, it will 
do so at the beginning. l 

102. The Reduction of the Acceleration Head by means of an 
Air Vessel. As the pressure in the pump must not fall below 
the separation pressure of the water, the maximum speed of a 
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pump is limited by the acceleration head. The acceleration 
head depends on the length of the suction or delivery pipe, 
and it may be considerably reduced by fitting an air vessel on 
these pipes as near to the cylinder as possible. Suppose an 
air vessel be fitted on the delivery pipe of the pump in Fig. 115. 
The air vessel is a cast-iron chamber having an opening at the 
base, through which the water may flow. As the level of the 
water in the chamber rises, the air trapped in the upper 
portion of the chamber is compressed, and will force the water 
out as soon as the pressure of the latter falls. 

The water in the delivery pipe beyond the air vessel is 
assumed to flow with a uniform velocity throughout the cycle. 
During the middle portion of the delivery stroke, when the 
piston is forcing the water into the delivery pipe with a velocity 
greater than the mean, the additional water will flow into the 
air vessel. At the ends of the stroke, when the water is forced 
into the delivery pipe with a velocity less than the mean, the 
water will flow out of the air vessel and so make up the 
deficiency. The constant flow in the delivery pipe beyond the 
air vessel is thus maintained. The only volume of water 
which is now accelerated is that in the delivery pipe between 
the air vessel and cylinder ; this is made small by fitting the 
air vessel as near the cylinder as possible. 

The pressure of the air in the air vessel will vary as the water 
flows in and out; this variation is reduced by making the air 
vessel large compared with the area of the delivery pipe. In 
order to simplify the problem, it is assumed that the air vessel 
is so large that the change of water level in it may be neglected. 
This is the same as assuming the air pressure in the air vessel 
to be constant. 


Let la = length of delivery pipe beyond air vessel 


l, = length of delivery pipe between cylinder and 
air vessel 


va = constant velocity of water in delivery pipe 
beyond air vessel 


Then, H,= ie wr cos 6 
J Aa 
Head lost in friction in delivery pipe beyond air vessel 


flv 
dg 2g 
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Head lost in friction in delivery pipe between air vessel and 
cylinder 


volume of water per sec. 


Also, Va = — rea of delivery pipe 
If pump is single acting, 

2r An 

60 a, 


where n is the number of revolutions per minute. 


Ug aaa 


If pump is double acting, 


ett An 
ERT 
Total pressure head at beginning of delivery stroke 
4 4 flava" Pe ERTA 
= Het e+ da 2g ida 
Total pressure head at end of stroke 
sev ppori el gue Ula Pay a aia 


29  da?g gaa 
Total pressure ARA at middle of stroke, 


4f lata e ) 
— or 
da 2g da 2g \aa 


The last term in - of these equations is small and may 
usually be neglected. 

The same reasoning applies if an air vessel is fitted on the 
suction pipe, the water accelerated being reduced to the 
amount between the air vessel and cylinder. The above 
formula will hold for the suction pipe if the suffix s is sub- 
stituted for the suffix d. In this case the pressure head will 


be below atmosphere: 
un i 4fl, =) 


d, 2g 


The total pressure head in the air vessel ee above 
the centre of the cylinder will be approximately equal to 


= H+ E4 


Total work done per sec. = w (H a + Ha + 
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the total pressure head in the delivery pipe above the same 
datum. 


Let h, = pressure of air in air vessel in feet of water 
and H, = height of water level in air vessel above centre 
of cylinder ; 
Then, 
4 f lava? 


h,+ H, = Ha + da 2g + 34 


if all small quantities are neglected. 


a) 


(b) Knocking 


Fig. 116 


Actual indicator diagrams taken from a Tangye pump are 
shown in Fig. 116. In this pump an air vessel was fitted on 
the delivery pipe only. Fig. 116 (a) shows the indicator diagram 
taken when the pump was running normally; a diagram taken 
when the pump was knocking is shown in Fig. 116 (b), the sudden 
pressure rise caused by the knock is noticeable. 


EXAMPLE. 


A reciprocating pump draws water from a sump through a suction pipe 
in. diameter and 40 ft. long, the water level being 10 ft. below the level 
of the cylinder. The cylinder diameter is 9 in., stroke 15 in., and the length 
of the connecting rod 5ft. The driving crank rotates at 20 revs. per min. 
Determine the pressure in the cylinder at the beginning of the stroke (a) when 
no air vessel is fitted ; (b) when an air vessel is fitted at the cylinder level 
and distance 5 ft. from it. (London Univ.) 
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(a) (1) Assuming simple harmonic motion, 
AL 
a, g 
PINE 40 20\2 7-5 

=(5 A sal?" 50) 12 

= 17:67 ft. of water. 

Total pressure head in cylinder 

Ti H, Gig H, 
= 10 + 7:67 = 17-67 ft. of water less than atmos. 


H, 


wor 


(2) If harmonic motion is not assumed, 
Al, r 
pe 2 M 
Ha = T (a +5) 
= 7:67 X 1-125 =-8-67 ft. of water 


Total pressure head in cylinder 
= 10+ 8:67 = 18-67 ft. of water below atmos. 


(b) Assume pump is single acting. 


A 
Then, v, To X Dn- 


9\2 7:5 20 
AE L 2 XX E E a DET sec: 


6 12 “` 60 
4fl,v, 
ae ba 
(4X -01 X35 X -g37? 
or VAT VET ee 0382 ft. of water 
(1) Assuming simple harmonic motion, 
Aline: 
He wr 
a, 9 


9\? 5 O\2 7-5 
T (5) 30.0, x (27 =) 12 
= -959 ft. of water 
Total pressure head in cylinder 
= H, +H, + hy 
` = 10+ -959 + -0382 
10-9972 ft. of water below atmos. 
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(2) If simple harmonic motion is not assumed, 


_Al, ye 
as g r( +5) 


= :959 X 1-125 = 1-084 ft. of water 


Total pressure head in cylinder 
= 10 + 1-084 + -0382 
= 11-1222 ft. of water below atmos. 


103. Work Saved by Fitting Air Vessel. The following applies 
to either suction or delivery strokes. Consider in the first 
case the pump to be single acting. If there is no air vessel 
on the pipe, the diagram representing the work lost in friction 
during the revolution is a parabola (Art. 100), the area of 
which sue 


zs fa ; 
W <= Xa Tals wr on ; ‘ : aN) 
where W = weight of water pumped per revolution. 


Suppose an air vessel is now fitted just outside the cylinder. 
The velocity of flow in the pipe is now constant ; the frictional 
loss will, therefore, also be constant and acts over both strokes. 
The diagram showing the work done against friction during the 
revolution will now be a rectangle of area 


4flv? 


where {v = mean velocity of flow in pipe 


A2ra Aor 
St. 


Therefore, work done against friction 


—~Wx (22) . ee arated a (5) 


Subtracting Equation (2) from Equation (1), work saved 
by fitting air vessel 


MPL Ae Ai NB ON ANA 
= x35, (eer) (Ea) 
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72 


Percentage of work saved = x 100 | Ef 


3 
= 84:8 per cent of frictional work. 


If pump is double acting, 


Aor 
=e 
an 
2 4 
3 r 
Percentage saved tes = 39-2 percent. 
3 


104. Rate of Flow Into and From Air Vessel. Consider first 
the case of a-single acting pump. The water in the pipe 
beyond the air vessel will have a constant velocity during the 
whole cycle, whilst the water enters or issues from the cylinder 
during one stroke only. 


A 
Velocity of flow to or from cylinder = aon sin 6 ft. per sec. 


Rate of flow to or from cylinder = A wr sin 6 cu. ft. per sec. 
A 
Velocity of flow beyond air vessel = a ft. per sec. 
í A or 
Rate of flow beyond air vessel mor ft. per sec. 
; Awr ; 
Rate of flow from air vessel = — -Aorsin 6 
T 
l À 
= Aor (= — sin a) 
T 


cu. ft. per sec. 


H this equation is negative the water is flowing into the 
air vessel. It will be noticed that there are two points on the 


: ; 5 1 
delivery stroke at which sin 0 = ~ 5 at these points there will 


be no flow either into or from the air vessel. 
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Next, suppose the pump to be double acting. 


Then, 
: ‘ 2A or 
velocity of flow beyond air vessel = = 
TT 
; wor 
and rate of flow beyond air vessel = 2 A — 
T 


: 2 AZ À 
Rate of flow from air vessel = Awr (=- sin o) cu. ft. per sec. 
TT 


105. Pump Duty. The “duty” of a pump is a practical 
way of expressing the overall efficiency. For a pump driven 
by a steam engine the duty is the number of foot pounds of 
work given out by the pump for every 1,000,000 British 
thermal units supplied to the engine by the boiler. Hence it 
takes into account the efficiency of the pump and of the 
stcam engine. 

- If the pump is delivering W lbs. of water per sec. against 
a head of H ft., 
work done by pump = WH ft. lb. per sec. 
No. of British thermal units supplied to engine per sec. 


_ [weight of steam total heat of 1 lb. 
-~ \ used per sec. of steam supplied 
Duty of pump 
WH x 1,000,000 
(Wgt. of steam per sec.) X (total heat 1 lb. steam) 
Formerly, the term “ duty ” was the number of foot pounds 
of work given out by the pump per bushel of coal burned in the 
boiler. In this case the efficiency of the boiler is also included. 
If the term “duty” is applied to a pump driven by an 
electric motor, it is based on 1,000,000 British thermal units 
supplied to the motor. 


EXAMPLES 8. 

(1) Water is raised to a height of 60 ft. by a single acting pump having a 
bore of 6in. and a stroke of 12in. If the pump has a speed of 40 revs. per 
min., find the theoretical horse-power required and the theoretical discharge. 
Neglect all losses. d 

Ans.—H.p. = ‘89; Q = 48:9 gallons per minute. 

(2) If the pump in Question (1) has an actual discharge of 47 gallons per 
min., find the percentage slip and the coefficient of discharge. 

Ans.—3°88 per cent; :962. 
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(3) If the pump in Question (1) has a delivery pipe of 4 in. diameter, and 
a length of 50 ft., find the acceleration head at the beginning of the stroke 


when no air vessel is fitted. 
Ans.—30°6 ft. of water. 


(4) If a large air vessel is fitted on the delivery pipe of Question (3), close 
to the cylinder, find the theoretical velocity of flow in delivery pipe and the 
pressure head in the cylinder necessary to overcome friction in the delivery 


ipe. = <01. 
eS i / Ans.—1°5 ft. per sec. ; +21 ft. of water. 


(5) A double acting reciprocating pump (cylinder 4 in. diameter, stroke 
6in.) makes 120 strokes per minute. It draws water from a sump, the 
surface of which is 6 ft. below the centre of the pump cylinder. If the total 
length of the suction pipe is 18 ft., and the diameter 2 in., determine the 
absolute pressure, in pounds per square inch, of the water in the cylinder 
(a) at the beginning, (b) at middle, and (c) at the end of the suction stroke, 
there being no air vessel on the suction pipe. Sketch the probable diagram 
for the stroke. State if separation is likely to occur, and give reasons. 
Assume the piston has simple harmonic motion. (London Univ.) 

Ans.—(a) 2-56 1b. per sq. in. 
(b) 12-1 9 n 
(c) 21:7 ” » 


(6) Discuss the conditions under which 
slip ” occur in reciprocating pumps. 

Sketch the form of indicator card obtained when (a) separation only, (b) 
separation, and also opening of the delivery valve occur during the suction stroke. 

The bore and stroke of a single acting reciprocating pump are 4in. and 
8 in. respectively, and the plunger has simple harmonic motion. The suction 
pipe is 3ł in. in diameter and 14 ft. long, and the centre of the pump is 12 ft. 
above the water in the sump. Determine the theoretical speed, in revolutions 
per minute, at which there will be separation, assuming it to occur when the 
pressure falls below 41b. per sq. in. (London Univ.) 


Ans.—73 revs. per min. 


‘ separation ” and “ negative 


(7) Explain fully the functions of air vessels when they are introduced on 
the suction and delivery pipes of pumps. (London Univ.) 


(8) A single acting reciprocating pump, 12 in. diameter, 20 in. stroke, with 
a large air chamber on the suction side, has a suction head of 8ft. The 
suction pipe is 6 in. diameter, and 14 ft. long. The pump makes 40 working 
strokes per minute, and discharges at its own level. 

Neglecting all losses except those dué to friction in the suction pipe 
f = 01), find the horse-power of the pump. 

If the plunger has simple harmonic motion, determine the rate of flow 
ie S air chamber when the plunger is at the centre of its stroke. (London 

niv. 

Ans.—H.p. = ‘828; Q = :874 cu. ft. per sec. 


(9) Briefly explain the reasons for placing air vessels on the suction and 
delivery pipes of a reciprocating pump. 

A single acting reciprocating pump has a plunger diameter of 10 in. and a 
stroke of 18in. The delivery pipe is 4}in. diameter and 160 ft longe elf 
the motion of the plunger is simple harmonic, find the horse-power saved in 
overcoming friction in the delivery pipe by the provision of a large air vessel 
when the speed of the pump is 60 revs. per min. -Assume that TE 
(London Univ.) ; 


Ans.—T:52 h.p. 
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(10) A plunger is fitted in a vertical pipe which is full of water, and whose 
lower end is submerged in a suction tank. It is moved upwards with an 
acceleration of 5ft. per sec. If air is liberated from the water when the 
absolute pressure falls below 4 ft. of water, and if the barometric height is 
32 ft. of water, what is the maximum height above the level in the suction tank 
at which the plunger can operate without cavitation ? (A.M.I. Mech. E.) 


Ans.— 24-2 ft. 


(11) What is meant by “separation” in a reciprocating pump? The 
plunger of such a pump moves with simple harmonic motion. The diameter 
is 12 in. and the stroke 2ft. The suction pipe line is 9 in, in diameter and 
80 ft. long and the suction lift 14 ft. Calculate the maximum speed at which 
the pump can operate without separation occurring at the beginning of the 
stroke. Take the effective height of the barometer as 28ft. of water.. 
(A.M. Inst. C.E.) 

Ans.—17 revs. per min. 


(12) What is meant by “‘ separation ” in a reciprocating pump? In such 
a pump the cylinder diameter is 9in.; the suction pipe is 9in. diameter 
and 60 ft. long; the height of the pump above the level of the water in the 
suction sump is 15ft. If the stroke is 18in., and if the motion is simple 
harmonic, at what speed will separation occur at the beginning of the stroke ? 
Take the effective height of the barometer as 30 ft. of water. (A.M.I. Mech. E.) 


Ans.—31-2 revs. per min. 


CHAPTER IX 
IMPACT OF WATER 


106. Pressure on Stationary Flat Plate. When a jet of water 
impinges normally on a flat plate (Fig. 117) the force on the 
plate is equal to the rate of change of the momentum of the 
jet, or to the change of momentum per second. i 


Let a = cross-sectional area of jet in square feet, 
V = velocity of jet in feet per second, 
and W = weight of water striking plate per second. 
Then, W = ma o 


The jet strikes the plate and leaves it tangentially, so that 
all its momentum in a direction normal to plate is destroyed. 


Force on plate = change of momentum per second 


mass of water striking change of velocity 
= plate per second normal to plate 


W 
g 
vV 
2 
Teak i. Se 
g 
Fie. 117 


If the plate is inclined to the jet, as in Fig. 118, the force of 
the jet may be resolved into a normal component. 


Let 0 = angle of inclination of plate to jet. 
Normal force on plate = (change of momentum per sec.) sin 6 
W 
ar x V xX sim 


2 


9 sin 0 lb. 


Il 
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EXAMPLE. 


A jet of water 2in. diameter impinges on a fixed plate and has a velocity 
of 100 ft. per sec. Find the normal force on the plate (1) when the jet is 
normal to the plate ; (2) when the jet is inclined at 60° to the plate. 


Weight of water per { 


sec. striking plate = 


re E tee var 
eee PRD ee 


SRON 
WV 136 x 100 
(1) Force qo: a a 
= 422-0 lb. 
WV. 
(2) Normal force = sin 6 


== 422 x -866 = 366 lb. 


Fie. 118 


107. Pressure on Moving Flat Plate. If a jet of water 
impinges on a plate which is moving in the same direction as 
the jet, the velocity with which the jet strikes the plate will 
be the relative velocity between the jet and the plate. 


Referring to Fig. 119, 
let v = velocity of plate. 
Weight of water striking plate per sec. = W = wa (V -»). 


W 
Force on plate = a (V -v) 


wa (V -v) 
g 
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This case would not be possible in practice as there would be 
a continually lengthening jet, the distance between the plate 
and nozzle increasing by v ft. every second. 

If, instead of a single plate, there is a continuous series of 
plates at a fixed distance apart and all moving in the same 
direction as the jet with a velocity v, the weight of water 
striking the plates is now equal to wa V. This condition 


| 
Wis Bes PEE NO 


would be obtained if the plates are all fixed radially around 
the circumference of a large wheel on which the jet impinged 
tangentially. (Fig. 120.) 


Then, force on plates = u (V -v) 


Work done per sec. on plates = me (V -vw 


P- f 
= a v per lb. of water 

Energy supplied by jet = kinetic energy of jet per sec. 
a? 
ony 

y2 
= by bee lb. of water 
__ work done per lb. of water 
kinetic energy of jet per lb. 
(V—v)v 

g 2(V -vw 

EE, ye 

2g 


Efficiency of plates = @ 
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Differentiating and equating to zero for maximum efficiency, 


From which, 


de 


dv 


Then, maximum efficiency = ———,—— = 


= V—-2v— 0 
ashy 
=y 
V\V 
Te 
y2 2 


Flat plates used in this manner are called vanes, and a 
wheel of the type shown in Fig. 120 is known as an undershot 


water wheel. 


y 


EXAMPLE. 


Fre. 120 


A jet of water 3 in. diameter and moving with a velocity of 40 ft. per sec. 
strikes a series of flat plates normally. If the plates are moving in the same 
direction as the jet with a velocity of 30 ft. per sec., find the pressure on the 
plates, the work done per second, and the efficiency. 


Pressure on plates 


Work done per sec. 


Efficiency 


waV 
i UK =w) 


= An ENO’ oreo ae 
=399 Ag ANa X 40(40- 30) 


aso X30 

1140 ft. lb 

_ 2V-vjyv 

ne ae 

2(40 -- 30)30 
1600 

= 37-5 per cent. 


I 
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108. Pressure on a Fixed Curved Vane. Consider the curved 
fixed vane of Fig. 121, and let a b be the normal at the centre of 
the vane. The jet strikes the vane at an angle of a to a b and 
leaves at an angle of f, the vane deflecting the jet through an 
angle of 180 — (a + f). The velocity of the jet is not changed 
in magnitude as it flows over the vane; it is the direction 
only which is changed. The velocity of the entering jet in 
the direction ab is V cosa, and it leaves the vane with a 
velocity component of — V cos f in the direction a b. 


Fie. 121 


Force on vane in direction ab = change of momentum per sec. 
__ W (change of velocity in direc- 


g tion ab) 
W 

Sarr [F cos a- (- V cos B)] 
W 


Fog ee V cos B) 
where W = wa V 
If the vane is semicircular, the angles a and ĝ are each 
equal to 0, then, 
2 W 


force on vane in direction ab = —— V 


The force of a jet on a semicircular vane is thus twice as 
great as that on a flat plate. This is due to the fact that, with 
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a semicircular vane, use is made of the reaction of the leaving 
water which exerts the same force on the vane in leaving as in 
entering. This principle is made use of in the Pelton wheel. 

There will be a tangential force on the vane at right angles 
toab. This will be equal to mass of water per sec. X change 
of velocity in a direction at right angles to a b. 


Or, tangential force = T (V sin a- JV sin £) 


Fia., 122 


109. Pressure on a Moving Curved Vane. Suppose the curved 
vane of Fig. 121 is moving in the direction a b with a velocity v, 
and let the jet impinge on the vane with a velocity V, as before. 
The velocity of the water over the vane will be equal to the 
relative velocity of the jet to the vane, and may be found by 
subtracting the vectors of V and v. 

Let V, = relative velocity between jet and vane at entrance. 

Referring to Fig. 122, draw a b to represent the velocity of 
the jet at entrance in magnitude and direction. Next draw a c 
to represent the velocity of the vane in magnitude and direction. 
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Then cb represents the relative velocity between the jet and 
the vane. If the water is to enter without shock, the vane at 
entrance must be parallel to c 6. 

The water will pass over the vane and leave with the 
velocity V, The absolute velocity of the leaving water may 
be found by drawing the triangle of velocities at exit. 

Let V, = absolute velocity with which water leaves vane. 

Draw d f to represent the relative velocity V,; if the water 
leaves the vane without shock, V, will be parallel to the vane 
at exit. 

Draw fe to represent v in magnitude and direction. Then 
d e gives the absolute velocity of the leaving water. 

The velocity of the entering water may be resolved into two 
components, one parallel to the direction of motion of the 
vane and known as the velocity of whirl, the other perpendicular 
to the direction of motion of the vane and known as the 
velocity of flow. The same terms are also applied to the 
components of the velocity of the leaving water. 


Let V, = velocity of whirl at entrance 
Vo, = velocity of whirl at exit 
V, = velocity of flow at entrance 
V, = velocity of flow at exit 


These are represented in Fig. 122 by ag, he, gb, and d h 
respectively. 


Let 6 = angle between relative velocity and direction 
of motion at inlet 


and @ = angle between relative velocity and direction of — 
motion at outlet 


Then, if the water is to enter and leave the vane without 
shock, the angles of the blade at inlet and outlet must be 
made equal to 6 and ¢ respectively. 

The force on the vane in the direction of motion is equal to 
the change of momentum per second of the water in this _ 
_direction. 


~~ Or, 
W 


force on vane = Fi ar Regime aero) : : ‘ CL} 


where W = weight of water flowing over vane per second. 


IMPACT OF WATER 245 


If the friction between the water and vane be neglected, 
the relative velocity at exit equals the relative velocity at. 


entrance. 
Or, Kon = V, 
From Equation (1), 
Work done on vane per sec. = s (ae opoe E2) 


If V„ is in the same direction as the velocity of the vane, 
the equation then becomes 


W 
Work done per second = a VV a)? 


The work done is also equal to the change of kinetic energy 
of the jet per second. 
WV ee V5" 

2g Y% 


Or, work done per second = 


= T V’) 


Then, efficiency = Sie a 


It follows from this equation that, for a given angle a, the 
efficiency is a maximum when V, is a minimum. This occurs 
when the angle ¢ is zero, in which case, 


= Vo, = V,-v” 


If a also equals zero, 


kos Vew 
Then, Pi = V—2e 
Therefore, Vi = 0 when v = a 


in which case the efficiency is unity; also the vane is 
semicircular. 
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EXAMPLE. - 

A vane has a velocity of 40 ft. per sec. Water impinges on the vane at 
an angle of 30° and leaves at an angle of 160° to the direction of motion. 
If the entering water has an absolute velocity of 80 ft. per sec., find (1) the 
angles of the blade tips at inlet and outlet ; (2) the work done on the vane 
per pound of water ; and (3) the efficiency. 

(1) Referring to Fig. 122, 

V = 80ft. persec., v— 40 ft. persec a= 30° 
and~ p = 20°. 

From triangle of velocities at inlet, 

V „ = 80cos 30 = 69:3 ft. per sec. 
V, = 80sin 30 = 40 ft. per sec. 


V, ‘ 40 


eee A ce er 
and 6 = 53:7° 
V, 40 
V, = Sey Sn 49-6 ft. per sec. 


From triangle of velocities at outlet, 


VY. = V, = 49-6 it. per sec. 


V,, sin ¢ 
tan’ = 
aoe V, cosp—v 
49-6 sin ¢ 
Ob ban 20 E ae i0 
F -294 
From which tan ġ = -364 are 
Therefore, ¢ = 4° 
V,, sin 4° 
_ 49:6 X 0698 _ oe 
e -342 = : t. per sec. j 


These results might also have been obtained by drawing 
the velocity triangles to scale. 
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(2) Work done per oa l 


( Va ae Vio, ë 


1 
of water g 


= zy (698 + 10-12 cos 20) 40 
= 97-9 ft. lb. per sec. 
Ay work done per sec. 
kinetic energy supplied per sec. 
_ 97-9 97-9 x 64-4 

VF ~~ (oy 

29 


(3) Efficiency 


= 98-5 per cent. 


Fie. 123 
The work done might also have been found from the change 


of kinetic energy. 
Or, work done per at ee ae 


of water 2g g 
k y2- V: 
Efficiency Spe 


110. Flow over a Radial Vane. Suppose the blade of 
Fig. 123 to be one of a series of blades fixed radially to the 


rim of a rotating wheel. 
9—(T.5167) 
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Let r = radius of wheel at entrance 
r, = radius of wheel at exit 
w = angular velocity of wheel 
v = tangential velocity of blade tip at entrance 
v, = tangential velocity of blade tip at exit. 


Treat all velocities in direction of motion of wheel as positive. 


Tangential momentum of water ) Vy ET een 
striking blade at entrance g per lb. ot water per sec. 


Moment of momentum at Vo 
= — rper lb. of water per sec. 
entrance g 
Tangential momentum of water Ven 
= per lb. of water per sec. 
leaving blade g 
: y 
Moment of momentum at exit = —“ r, per lb. of water per 
sec. 
Change of moment of momentum Von Vota 
. = —— ——— = torque on 
per lb. of water per sec. g g shoa 


Work done by torque per lb. = (= rat) 


of water g g 
But, v = or 
and v, = or, 
Then, 
Work done on wheel per lb. of ) Vov Vu, % i 
water a2 Qe = ge (1) 


If the ‘water leaves against the direction of motion of the 
wheel, V,, will be negative, and Equation (1) becomes 


Vor us Vost a 
g g 


This equation is very important in problems dealing with 
turbines. 


EXAMPLE. 
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A wheel having radial blades is 2 ft. radius at the outer tip of the blades 
and 1 ft. atthe inner. Water enters the blades at the outer tip with a velocity 


of 100 ft. per sec. 


at an angle of 30° to the tangent, and leaves the blade with 


a velocity of flow of 14 ft. per sec. The blade has an angle of 40° at entrance 


and 35° at exit. 


Find the work done per pound of water entering the wheel, 


the speed of the wheel, and the efficiency. 


The triangles of velocities are shown in Fig. 124. 
_ Consider the triangle at inlet. 


Vv 


Outlet Triangle 


X ; ae fe Ur a 
L£ 
Vp 
4 Vri 
> b 
d € 
< Damea $ > Gs 


Inlet Triangle 


Fig. 124 


V = 100 ft. per sec. 
V, = 100 sin 30 = 50 ft. per sec. 
V. = 100 cos 30 = 86-6 ft. per sec. 


50 
Go = Vv = ==. 90-6 


tan 40 

Then, v = 86-6 — 59-6 = 27 ft. per sec. 

vu ee 
Also, —=-—= 2 

0, Ti 

27 
Therefore, vi = rie 13-5 ft. per sec. 
Consider the triangle at outlet. 
14 
Hester ie cl 
a Us ate Vo 


Aade Fu 


and is negative, 
wheel. 


= 20-— 13-5 = 6-5 ft. per sec. 


as it is against the direction of motion of the 
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From Equation (1) 
work done per lb. of water 
Vio Ue o 
ag g 
(86-6 xX 27)-(- 6:5 X 13-5) 
32-2 
74:8 ft. lb. 
W Pi 
oa goer 13-5 radians per sec. 

13-5 X 60 
Speed me ee 
. 129 revs. per min. 

work done 
kinetic energy supplied 
74:8 748 X 64-4 
Sy i 
2g 
= 48-2 per cent. 

111. Propulsion of Ships by Jet. A ship may be driven 
through the water by the reaction of a jet of water issuing 
from the back or stern of the ship. The water is pumped into 
a tank carried by the ship ; the whole of the pressure head in 
the tank is converted into velocity head as it flows from the 
ship’s stern. 

Let v = velocity of ship in feet per second 


I 


I 


Efficiency = 


V = absolute velocity of issuing jet 
V, = relative velocity between jet and ship 
Then V,= v+V ' : ; ‘ 3 steal) 


2 


V 
Head of water in tank = D7 


= Energy supplied per lb. of water 
Weight of water issuing from orifice = W = wa V, 
where a is the area of jet. 
The momentum of the issuing jet relative to the surrounding 


SW. bys 
water is——per second. This will be the change of momentum 


as the water had no momentum before entering the ship. 
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Therefore, 


force propelling ship = Ey Ib. 


Work done per sec. = =" x v ft. lb. 


Substituting for V from Equation (1) 


7 — 
Work done per sec. = ae ft. 1b. 
Energy supplied per ) W V, 
sec. 2G 
W(V,-v)v 
Efficiency = e = Aye = ae 
2g 
Differentiating and equating to zero for a maximum, 
A A ee 
PERET 
from which v= Er 
Then, 
2 (2v— 
maximum efficiency = a 
= 650 per cent. 


If the entrance to the inlet pipe of the pump is facing the 
direction of motion of the ship, the water will enter the pipe 


with a velocity v relative to the ship. This will reduce the 
2 


energy to be supplied by the pump by the amount i : 


Then, energy supplied= (V, — v?) ft. lb. per sec. 


The work done by issuing jet is the same as before. 


W(V,-v)v 


The efficiency now equals oo 


25 2_ 4)2 
rA 
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o ffici ee! 2 (V, = vyw 
r, efficiency =r T a 
2v 
-e 2 
Vet Se 
Hee ee which was the value for maximum efficiency in 
the first case, 
a 7 
efficiency = RR 66-6 per cent. 


It will be noticed from Equation (2) that the efficiency 
equals unity when V,=v. This would be impossible in 
practice as there would then be no propelling force on the ship. 

The main advantage of jet propulsion is that it overcomes 
the difficulty of the racing of the propeller in rough seas. 
Several naval ships have been fitted with jet propulsion as an 
experiment. It was found that although the actual jet was 
more efficient than the screw propeller, the mechanical efficiency 
of the pumps reduced the overall efficiency of the whole plant 
to a much lower value than that of the screw propeller plant. 
Jet propulsion is sometimes used in lifeboats. 

It should be noticed that by fitting the entrance of the 
suction pipe to face the direction of the ship’s motion, a 
vacuum pressure is produced in front of the pipe entrance 
which causes an increased resistance to the ship. If the suction 
pipe entrance is placed at a suitable position at the side of the 
ship, the effect of the suction may act on the boundary layer 
and prevent break-away (Art. 241) ; this should reduce the 
ship’s resistance. 


EXAMPLE. 


A jet-propelled boat has a velocity of 12 miles an hour when the jet has a 
velocity of 35 ft. per sec. relative to the boat. If the area of the jet is 25 
sq. in., find the brake horse-power required to work the pumps, Assume 
that full advantage of the boat’s motion is obtained when scooping in the 
water. 


Weight of water discharged per sec. = wa V, 


25 
= 62-4 x 144 X 35 


= 379 |b. 


IMPACT OF WATER 253 


12 x 88 
o= = N =No ft. /sec. 
W(V,2— 0?) 

2g 
379 
T 64-4 | 
= 5380 ft. lb. 
__ 5380 
— 550 


= 98, 


Work done by pumps per sec. = 


352 — 17-62) 


Horse-power 


EXAMPLES 9. 


(1) A jet of water 2in. diameter, having a velocity of 60 ft. per sec., 
impinges normally on a flat piate. Find the pressure on the plate (1) when 
the plate is at rest; (2) when the plate is moving in the same direction as the 
jet with a velocity of 20 ft. per sec. Find, also, the work done per second in 
the second case. 

Ans.—(1) 152 1b.; (2) 67-51b. 1,350 ft. Ib. 


(2) A 3-in. diameter jet, having a velocity of 80 ft. per sec., strikes a flat 
plate, the normal of which is inclined at 30° to the jet. Find the normal 
- pressure on plate (1) when plate is stationary; (2) when plate has a velocity 

of 40 ft. per sec. away from jet. s 

Ans.—(1) 526 1b.; (2) 127 Ib. 


(3) A jet of water impinges on a series of hemispherical cups and is deflected 
through 180°. If the velocity of the jet is 100 ft. per sec., and that of the 
cups 40 ft. per sec., find the work done per pound of water striking the cups. 


Ans.—149 ft. lb. 


(4) A jet of water having a velocity of 100 ft. per sec. impinges on a series 
of vanes moving with a velocity of 50 ft. per sec. The jet makes an angle of 
30° to the direction of motion of the vanes when entering, and leaves at an 
angle of 120°. Draw the triangle of velocities for inlet and outlet and find 
(1) the angles of the vane tips so that the water enters and leaves without 
shock; (2) the work done per pound of water entering the vanes; and 
(3) the efficiency. 

Ans.—(1) 53°, 154°; (2) 149 ft. Ib.; (3) 96 per cent. 


(5) Water flows inwards over a series of curved vanes which are fixed to the 
rim of a revolving wheel. The outer diameter of the vanes is 4 ft. and the 
inner diameter 2 ft. The angle between the jet and the wheel tangent at 
inlet is 30°, and the water leaves the wheel with a velocity of 10 ft. per sec. at 
an angle of 120° to wheel tangent. Draw the velocity triangles at inlet and 
outlet, and find the best angles of the blades and the work done per pound 
of water if the jet has a velocity of 120 ft. per sec. and the wheel makes 


300 revs. per min. 
Ans.—55°; 14°; 208 ft. lb. 
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(6) A vessel provided with a jet propeller is driven at a speed of v ft. per sec. 
The water is discharged astern with a relative exit velocity of V ft. per sec. 
and the total jet area is A sq. ft. Find in terms of these quantities (a) the 
propelling force on the vessel; (b) the energy expended by the jet in propul- 
sion; (c) the efficiency of the jet. State what conclusion can be drawn from 
these results, and why a vessel can be more efficiently driven by means of a 
screw propeller. In a jet-propelled vessel the water is discharged through 
two 9-in. orifices. The jet efficiency is 73 per cent, and the combined efficiency 
of the engine and pumps 45 per cent. Find the indicated horse-power required 
to drive the vessel at 13 knots. [Weight of sea water, 641b. per cu. ft.; 
1 knot = 1-69 ft. per sec.] (London Univ.) 

Ans.—133:2 h.p. 


(7) A 42-in. pipe is deflected through 90°, the ends being anchored by tie 
rods at right angles to the pipe at the ends of the bend. If the pipe is 
delivering 63 cu. ft. per sec., find the tension in each tie rod. (London 
Univ.) 

Ans.—796 lb. 


(8) A jet of water having a velocity of 50 ft. per sec., and making an angle 
of 45° with the horizontal impinges on a vane moving horizontally with a 
velocity of 25 ft. per sec. Find the shape of vane to give the best results 
and the angles at the entering and leaving tips. 

Find the horizontal pressure on the vane per pound of water striking per 
second, (London Univ.) 

Ans.—73°6°; 0; 1:47 1b. 


(9) A square plate weighing 281b., and of uniform thickness and 12 in. 
edge, is hung so that it can swing freely about the upper horizontal edge. A 
horizontal jet ł in. diameter and having a velocity of 50 ft. per sec. impinges 
on the plate. The centre line of the jet is 6in. below the upper edge of 
the plate, and when the plate is vertical the jet strikes the plate normally 
and at its centre. Find what force must be applied at the lower edge of the 
plate in order to keep the plate vertical. 

If the plate is allowed to swing freely, find the inclination to the vertical 
which the plate will assume under the action of the jet. (London Univ.) 


Ans.—7-425 lb. ; 32°. 


(10) A motor-boat with jet propulsion draws 10 cu. ft. per sec. through 
orifices amidships and discharges it astern through orifices having an effective 
area of ‘5 sq. ft. If the boat travels at 10 miles per hour, find the propelling 
force. (A.M.I. Mech. E.) 

Ans.—103 lb. 


(11) A circular jet of water delivers 2 cu: ft. per sec. with a velocity of 
80 ft. per sec., and impinges tangentially on a vane moving in the direction 
of the jet with a velocity of 40 ft. per sec. The vane is so shaped that, if 
stationary, it would deflect the jet through an angle of 45°. Through what 
angle will it deflect the’jet ? What driving force will be exerted on the vane 
in its direction of motion ? (A.M.I. Mech. E.) 

Ans.—22:5° ; 45-5 1b. 

(12) A tank from which water is discharging under a constant head H, is 
mounted on frictionless wheels, so that the direction of motion is opposite 
to that of the jet, which issues from an orifice A sq. ft. in area in one side. 
What force in pounds applied horizontally would just prevent movement of 
the tank ? If the tank moved with velocity v, and the jet issued with velocity 
V, what would then be the force causing motion, the work done per second, 


and the efficiency ? For maximum efficiency, what will be the ratio of V 
tov? (A.M.I. Civil E.) 
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(13) A free jet, whose sectional area is 3 sq. in., and whose velocity is 80 ft. 
per sec., impinges tangentially on a smooth vane which diverts its direction 
through 120°. What is the magnitude and direction of the resultant force 
on the vane. (A.M.I. Mech. E.) 

Ans.—448 lb. at 30°. 


(14) A vessel is propelled by the reaction of jets discharged astern, the 
water being drawn in initially at the side. Establish expressions for the 
theoretical efficiency and for the input of power to the pumps in terms of the 
speed of the ship, s; the velocity through the jets, v; the weight of water 
pumped per sec., W, and the combined efficiency of the pump and pipe 
system, 

In an actual case a small ship is fitted with jets of total outlet area 7 sq. ft. 
The velocity through the jets is 30 ft./sec. and the ship speed is 10 knats. The 
engine efficiency is 85 per cent, the pump efficiency is 65 per cent, and the 
pipe losses may be taken as equivalent to 10 per cent of the kinetic energy at 
the jets. Determine the propelling force and the overall efficiency. (1 knot = 
6,080 ft./hr.; sea water, 64 lb./cu. ft. (London Univ.) 


_ 2(v-s8)s, Wr? 


Ane ve” «2g Xx 5607’ 


5,480 lb.; 24-43 per cent. 


(15) A lifeboat is propelled by jet propulsion at a speed of 15 m.p.h. It 
has two jets, each of 1 sq. ft. cross-sectional area; the intake by the pumps is 
80 cusecs and the inlet orifices are situated amidships. If the efficiency of the 
pumps is 75 per cent, find: (1) the propelling force of the jets, (2) the required 
b.h.p. of the engine driving the pumps, and (3) the propulsion efficiency of the 
jets. W = 64 lb./cu. ft. for sea water. Assume influx velocity of water is lost 
by shock and friction. 

What is the propulsion efficiency if all the influx velocity is recovered ? 


Ans.—(1) 2,860 Ib.; (2) 308 b.h.p.; (3) 49-5 per cent; 71 per cent. 


(16) A jet propelled aircraft, having a speed of 500 m.p.h., has a propulsion 
jet area of 1-46 sq. ft. The weight of air discharged is 43 lb./sec. and the 
velocity of the jet relative to the aircraft is 1,400 ft./sec. Calculate, under 
these conditions, the propulsion force, the propulsion efficiency of the jet and 
the thrust horse-power developed by the jet, if the intake of the air is at the 
same speed as the aircraft. 


Ans.—Eff. = 68-7 per cent; Thrust h.p. = 1,185. 


(17) A jet propelled aeroplane has a speed of 600 m.p.h. and a propulsion 
efficiency of 60 per cent. If the total resistance of the plane at this speed is 
2,500 1b., calculate (i) the weight of gases discharged per sec. ; (ii) the necessary 
diameter of the jet orifice at outlet in feet, if the pressure and temperature 
at discharge are 10 lb. per sq. in. and 600°F respectively; the pressure of the 
atmosphere at the altitude of the flight is 10 lb. per sq. in. pV = 53T. (London 
Univ.) 

Ans.—(i) 68-6 Ib. per sec.; (ii) 1-29 ft. 


CHAPTER X 
- WATER TURBINES 


112. Classification of Turbines. Power was formerly obtained 
from water by means of water wheels which were revolved 
either by the weight of the water or by the impulse of the 
stream. Such wheels are now obsolete and have been replaced 
by the water turbine. 

The rotation of the turbine wheel or runner is caused by 
water flowing over curved vanes fixed to the rim. The action 
of these curved blades is to change the velocity of the water, 
both in magnitude and direction. The impulse given to the 
wheel is entirely due to this change of velocity of the water 
flowing through it. Actually, the force tending to rotate the 
wheel is due to the centrifugal force of the water as it passes 
over the curved vane. In principle, it is the same as the 
outward force on a railway curve due to a train passing round 
the curve. No rotating force is obtained from the static 
pressure of the water. 

Turbines may be divided into two main classes : (1) reaction 
or pressure turbines, and (2) impulse or velocity turbines. 
In the reaction turbine the water enters the wheel under 
pressure and flows over the vanes. In passing over the vanes 
the pressure head is converted to velocity head and is finally 
reduced to atmospheric pressure before leaving the wheel. 
The water leaves the wheel with a large relative velocity but 

ča small absolute velocity, practically the whole of its original 
energy having been given to the wheel. 


Let H = total head of entering water 


and V, = velocity of leaving water. 

y 
sop 

In the reaction turbine the total head H consists partly of 
pressure head and partly of velocity head. As the water is 
under pressure, the wheel must run full and may, therefore, 
be entirely submerged below the tail race ; it may also discharge 
into the atmosphere or it may be placed 30 ft. above the foot 
of the fall and discharge into a suction or draught tube. The 
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Then, energy given to wheel per pound of water = 
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water must be admitted into a reaction turbine over the 
whole circumference of the wheel; the power is difficult to 
regulate without loss. 

In the impulse turbine all the energy of the water is converted 
into velocity before entering the wheel by expanding through 
a nozzle or guide vanes. The pressure of the water is atmo- 
spheric, hence the wheel must not run full; in which case, it 
must be placed at the foot of the fall and above the tail race. 
The water may be admitted over part of the circumference 
only or over the whole circumference. 


Let V = velocity of entering water 


2 
then, H = Ve 
2g 
2 
Energy absorbed by wheel per pound of water = H — 5 
oyy? 
D 29 


Both types of turbines may be sub-divided into classes 
based on the direction of flow of the water through the wheel. 
If the flow of the water is radial the turbine is known as a radial 
flow turbine and may be an inward flow or an outward flow, 
depending on whether the water enters at the outer circum- 
ference and flows inwards towards the centre, or enters at the 
centre and flows outwards. If the water flows parallel to the 
axis of the turbine it is known as an axial flow or parallel flow 
turbine. In some of the latest types of turbines the flow is 
partly radial and partly axial; such turbines are known as 
mixed flow turbines. 


113. Notation. The following notation will be used for all 
types of turbines— 


V = absolute velocity of entering water 
V, = absolute velocity of leaving water 
v = tangential velocity of wheel at inlet 


v, = tangential velocity of wheel at outlet 

V, = velocity of water relative to wheel at inlet 
V, = velocity of water relative to wheel at outlet 
V,, = velocity of whirl at inlet (Art. 109) 
velocity of whirl at outlet 


N 
s 
I 
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velocity of flow at inlet (Art. 109) 

= velocity of flow at outlet 

= radius of wheel at inlet 

= radius of wheel at outlet 

= angle entering water makes with wheel’s tangent 
= angle leaving water makes with wheel’s tangent 
= angle of blade tip at inlet 

= angle of blade tip at outlet 

weight of water entering wheel in pounds per second 
= total head of water supplied 

= hydraulic efficiency of turbine 

= number of revolutions per minute 

= number of blades in wheel 

= thickness of blades 

= breadth of wheel at inlet 

breadth of wheel at outlet 


aS 
I 


See eae et oy ee a res 
Il 


o~ 
pat 
Il 


114. Reaction Turbines. (a) OUTWARD FLow TURBINE. The 
outward radial flow turbine consists of a wheel in the shape 
of a cylindrical disc mounted on a shaft and having blades 
around the perimeter (Fig. 125). The water flows into the 
wheel at the centre and passes through fixed radial guide 
blades into the moving blades. The object of the fixed guide 
blades is to guide the water into the moving blades at the 
correct angle a. The water passes through the moving blades, 
causing them to rotate, and is discharged at the outer edge. 
The wheel is surrounded by a water-tight casing and may run 
in a vertical or horizontal position. It may be submerged 
below the tail race or placed in a suction or draught tube* 
above the foot of the fall. The latter position is the more 
convenient, as the wheel is then more accessible. Being a 
reaction turbine, the water in the wheel is under pressure; the _ 
wheel must, therefore, run full. N 

The flow of water through the wheel may be regulated by 
a cylindrical sluice gate situated between the moving blades 
and the guide blades. This is very unsatisfactory owing to 
e loss of head due to contraction when the gate is partly 
closed. 


* Seo Fig. 141. 
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The revolving wheel causes a centrifugal head to be impressed 
on the water passing through it. This increases the relative 
velocity of the water in the outward flow type and consequently 
tends to increase the quantity of water passing through the 
wheel. If there is a slight increase in speed, the centrifugal 
head is increased and the wheel tends to race. 

The efficiency is increased by discharging the water radially, 
in which case the velocity of 
whirl at outlet is zero. _ 

The triangles of velocity for 
inlet and outlet are shown in 


Fig. 126. 
It should be noted that— 
V. = Vecosa 
V, = Vana 
V,sin 0 = Vsina 
V, cosð = V,-v 
2nnr 
v = or = 60 
Also, es 
Uy TF 
oie we e LERS, 


Outlet diagram 


Vy 


Inlet diagram 


Fig. 126 


From velocity diagram at outlet, - 
V,,coop = v + Vu, 
Aes = V, cos B 
V; = V, sin B 
V,sinB = V, sin ¢ 
If discharge is radial 6 = 90°, then V,, = 0, and V; = Vy, 
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From Equation (1), Art. 110, 
Work done on wheel per pound Vib. Vo be 


of water i LG, 
Energy lost per pound of water ) _ Va 
passing through wheel me Gg 


Therefore, 
Vuv Vu, V1 Waa 
— - —1— = H- : 4 4 r : 1 
g g- 2g Q) 
It should be noted that in a reaction turbine H does not 


l ue 
equal —, 
q 2g 
ga 
2 
Hydraulic efficiency = H J 
TAE Vu, %4 
= JÄ 
If the discharge is radial, Equation (1) becomes 
Fie? Sarpy ee 
ee 
Radial area of flow at inlet = (27r — Nt)b = k 2nr b, where 


k is a factor which allows for area of blades. 


Volume of water flowing 


through wheel per second) = (27r — Nt)b V, 


Radial area of flow at outlet = (27r, - Nt)b, = k, 2nr; b, 
k, being the blade factor at outlet. 


As quantity of water flowing through wheel at inlet equals 
. quantity flowing at outlet, 
V, (27r: = Nt)b, kı 2rrı bi 


Vi (2ar-Nt)b  k2mrb 
(6) InwarD FLow TursineE. The inward radial flow 
reaction turbine is similar in principle to the outward flow, 
except that the water enters the wheel at the outer periphery 
and flows radially towards the centre; it then leaves the 
wheel in a direction parallel to the axis. The fixed guide 
blades surround the revolving blades externally, and the whole 
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ig surrounded by an outer casing. The centrifugal head 
impressed on the water by the revolving wheel is now acting 
against the radial flow of the water, so that any increase in 
speed of the wheel will tend to reduce the quantity of flow 
through the wheel, and consequently reduce the power. This 
ig an advantage, as it tends to prevent racing. The wheel 
may be placed below the & 

level of the tail race or in i Gude 

a suction tube above the x ee 
foot of the fall. The 

highest efficiency is ob- 

tained when the discharge 

is radial and when the 
velocity of the leaving i eA 
water is as small as | 
possible. Fia. 127 

The method of solution - 
and the equations for an inward flow turbine are the same as 
given for the outward flow turbine. 

(c) Axtat FLow TursINE. In this type of reaction turbine 
the water enters the wheel at the side and flows parallel to the 
axis (Fig. 107). It is sometimes known as a parallel flow 
turbine. The diagrams of velocity and equations for this 
type of turbine are the same as for the radial flow types, except 
that the radius of flow is now constant. Therefore, 


D = v,,and V,= V,; 
Then, 
Vov Vu 
work done per pound of water = i a 
set v( Vie € Ko) 
g 


It is usual for the water to leave in a direction parallel to 
the axis. 

(d) Mrxep FLow TursINE. The mixed flow reaction turbine 
is a combination of the inward radial flow and the axial flow, 
and is obtained by curving the blades in two directions. The 
type of blades for this turbine is shown in Fig. 128.* The 
water flows into the wheel radially and leaves at the centre 
axially. 


* By courtesy of Messrs. Boving & Co, 


262 - HYDRAULICS 


EXAMPLE 1. 


Determine the hydraulic efficiency of a low head inward flow reaction 
turbine in which the guide blades make angles of 25° with the tangents to 
the blade circle and the receiving tips of the runners are inclined 105° to the 
tangents. The discharge is radial, the velocity of flow constant, and the 
water passes on to the moving blades without shock. 

Calculate the velocity of flow if the supply head is 15 ft. (London Univ.) 


(Boving) 
Fie. 128.—Runner oF Mixep Frow REACTION TURBINES 


Referring to Fig. 126, 


ta DAN 
0 = 105° 
B = 90° 
V, = Vsin25 = -4226 V 
Vae = V cos25 = -9063 V 
v = :9063 rA us = 1:0195 V 
tan 
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= Vw, a 0, 
Work done as V gv _ 9063 V x 1:0195 V 
9 g 
-924 V? 
AREI 
2 2 A 5 
Energy rejected = Vy oe ue = (4226 V)? 
2g 2g 2g 
0895 V2 
g 
-924 V2 
Effici ee aay a ees 
ciency -9024 V2 -0895 V2 -924 + -0895 
TEA 
g g 
a Eee = 91-15 
STE ee 
Hp ae 
g 2q 
. 2 
Or, js — L01357 
g 
15 x 32-2 
Then, y= (ee 
= 21-8 ft. per sec. 
ee V, = -4226V 
= -4226 x 21:8 
= 9-24 ft. per sec. 
EXAMPLE 2. 


An inward flow turbine works under a total head of 90 ft. 
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The velocity of 


the wheel periphery at inlet is 50 ft. per sec. The outlet pipe of the turbine 
is 1 ft. diameter, and the turbine is supplied with 50 gallons of water per 
second. The radial velocity of fow through the wheel is the same as the 


velocity in the outlet pipe. 


Neglecting friction, determine (a) the vane angle at inlet; (b) the guide 


blade angle ; (c) the horse-power of the turbine. (London Univ.) 


As V, = V, the discharge is radial. 
Then, Va, = 0. 
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Assume the turbine to be a reaction turbine. 


discharge 50 
= = ——— > = ~~ = 10-21 ft. j 
A Bes UG es pipe area 6-24 X -785 g PESES 
Vat ponte 
g % 
Vo 50 (10-21)? 
Thon, "320 = eee 
and, Vy. = 56-9 ft. per sec. 


The diagram of velocity at inlet may now be drawn to scale 
and the values of 6 and a measured. Or, they may be — 
calculated from Fig. 126 as follows, 


V, 1021 
tan a = P. 569 1795 
Then, a = 10-2° 
V, 10:21 x 
Do Ąą l ÁÁ ——- O S 1-4 
tan 0 eS 89 7 
Then, 0 = 55-8°. 
Vov 
Work done per pound of water = 
56-9 x 50 
W x work done 
H.P. T ci- S60 cae 
50 X 10 x 88-38 


EXAMPLE 3. 


An inward flow reaction turbine is supplied with 21 cu. ft. of water per 
second under a head of 50 ft. It develops 100 h.p. at 375 revs. per min.; the 
inner and outer diameters of the wheel are 20 in. and 30 in. respectively. 
The velocity of the water at exit is 10 ft. per sec., and it leaves the wheel 
radially. Determine the actual and theoretical hydraulic efficiencies of the 
wheel. 

If the actual hydraulic efficiency of the wheel were 84 per cent, find the 
most suitable angles for the guide and wheel vanes at inlet. Assume the 
width of wheel constant. (London Univ.) 3 


30 375 


= a 49-1 ft. per sec. 


20 
v= 49:1 X zg = 32-7 ft. por sec. 


WATER TURBINES 
As width of wheel is constant, 
UREN 
Ve ames 
20 
Then, V; =10 x ais 6-67 ft. per sec. 
As discharge is radial, 
V, = Vs, 
Theoretical work done per ) _ Je 
pound of water niet DO} 
10)2 
= 50 Bess = 48-45 ft. lb. 
29 
: x ‘ 48-45 
Theoretical hydraulic efficiency = -go = 96:9 per cent 
Actual work done per pound ) H.P. x 550 
of water E W 
100 x 550 
) atc: 42 
Actual efficiency LO 84 per cent 
As discharge is radial, 
Vw 
theoretical work done per pound = ae = 48-45 
48-45 X 32-2 
Then, Vg = a 


= 31-8 ft. per sec. 
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The values of a and @ may be found by drawing the velocity 


diagram at inlet to scale, or, 


V; 6:67 
tan a S 2097 
Hence, a = 11:9° 


tan (180 - 0) A 385 


BT Ce) 
Hence, 0 = 158:9°, 
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EXAMPLE 4. 


An outward flow reaction turbine has a speed of 200 revs. per min., and a 
constant breadth of 9in. The diameter of the wheel at inlet and outlet are 
5 ft. and 6 ft. respectively. The wheel works under a total head of 120 ft. 
and the quantity of water passing through the wheel is 200 cu. ft. per sec. 
If the hydraulic efficiency is 90 per cent, find the angles of the blades and 
guide vanes. 


Work done per pound of water = H - as ‘9H 
From which, V, = V1 x 64-4 x 120 
= 27-8 ft. per sec. 
n 
U= UGAT 
200 
=n X0 X 60 = 62-4 ft. per sec. 


6 
v, = 52-4 X Poe 62-8 ft. per sec. 
_ Quantity per second 200 


ie radial area of flow — 9 
ml X = 
12 
200 
= ERER = ft. per sec. 


5 
V,=17 x aos 14-2 ft. per sec. 
Referring to outlet diagram of Fig. 126, 


V;, 14-2 
sin b = Te = 97.8 = ‘$11 
Hence, B = 30-5° 
Vy. = V,cos B = 27:8 cos 30-5 
= 23-9 ft. per sec. 
Ve 14-2 
ant = cee 7 Ooh. O56 eee 
Then, o=o 
Vov Vat oH 
g g 
. Vip 524 (23-9 x 62-8) 
That is, 39.9 pi ree ‘9 x 120 


From which, Vo = 37-4 ft. per sec. 
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Referring to inlet diagram of Fig. 126, 


tan == = Li 455 
Sy NGS Sa PF lao 
Then, a = 24-5° 
V, 17 
mV E E a 
Therefore, 0 = 131:5° 


115. Impulse Turbines. The problems dealing with impulse 
turbines may be solved in a similar way to the reaction turbine 
problems, but the following points should be noted— 


1. The turbine must not run full ; the pressure is atmospheric 
throughout. l 
2. The total head is converted to velocity before entering 


the wheel. Then V = V2gH. This is sometimes stated as 
V = k V29H, where k is a coefficient which takes into account 
losses in the nozzle or guide vanes. 
3. As V = V2g9H, the hydraulic efficiency may be stated 
V?-V;? 

Ve 
4. The velocities of flow V, and V, depend on the radial 
area and on the amount the wheel is full. 


(a) RADIAL FLow Tursine. The flow may be inwards or 
outwards. The water enters the wheel through fixed guide 
blades as in the reaction turbine. As the water flows over 
the moving vanes, a centrifugal head is impressed on it by the 
revolving wheel, which is immediately converted to velocity 
head. This increases the relative velocity of the water in 
an outward flow and decreases it in an inward flow. The 
centrifugal head given to the water was proved in Art. 30 to be 


as 


po eee 
2g 2g 
yz Vine y2 v;" 
poe cnn apa) E 


If the flow is inward, the relative velocity is thus reduced by 
the centrifugal force. This makes the speed of the inward 
flow turbine easier to control than that of the outward flow. 
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A small increase of speed of the wheel due to a temporary 
lightening of the load, increases the centrifugal force, which 
decreases the flow through the wheel and consequently decreases 
the power. The wheel thus tends to automatically adjust 
itself to the load. With the outward flow turbine, the centri- 
fugal force increases the flow and the wheel tends to race. 

The radial flow impulse turbine is not suitable for very low 
falls, as the wheel must 
be placed above the foot 
of the fall in order that 
it does not run full. A 
certain amount of the 
fall is thus lost. In a 
high fall this amount 
is not noticeable. The 
efficiency is greatest 
when V, is as small as 
possible. 

In an impulse turbine 
it is possible to regulate 
the flow through the 
wheel without loss. The 
water need not be ad- 

Fie. 129 mitted over the whole 

circumference, as the 

pressure is atmospheric, The flow may therefore be regulated 

by means of a revolving gate (Fig. 129), which, when turned, 

completely shuts off the flow in the vanes covered by it, without 
interfering with the flow in the remaining vanes. 

This method of regulating the flow is used in the Girard 
impulse turbine. In this type, the water is admitted to two 
opposite quadrants of the wheel when the revolving gate is fully 
open, the remaining two quadrants being covered by the gate. 

(b) AXIAL FLtow TURBINE. The same conditions governing 
the radial flow impulse turbine apply to the axial flow impulse 
turbine. Except that in this type there is no centrifugal head 
impressed on the water as v=v,; therefore the relative 
velocity is constant. 


Or, Y, = Ven 


The maximum efficiency occurs when V, is as small as 
possible. 


=< 
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The chief types of axial flow impulse turbines are the 
Girard and the Pelton wheel. The latter type differs from 
the ordinary turbine and is dealt with separately in Art. 117. 


EXAMPLE l. 


The mean blade circle diameter of the runner of an axial flow impulse 
turbine of the Girard type is 44 ft. The guide blade angle is 24°, the receiving 
and discharging angles of the runner blades being 48° and 23° respectively. 
The breadth of the moving blades at inlet is 4 in. 

Calculate the speed of the turbine so that the water may pass smoothly on 
to the blades when the turbine is working under a head of 280 ft., and find 
the horse-power developed if, with full circumferential admission, the passages 
are 85 per cent full at inlet. (London Univ.) 


The velocity diagrams are shown in Fig. 130. 


Ur 
E 
Vy, 


"a fs 


J 
< lL > 


< s s 


Fie. 130 


V = V29H= V 64-4 xX 280 = 134 ft. per sec. 
V, = V sin 24° = 134 x -4067 = 54:5 ft. per sec. 
Vy, = V cos 24° = 134 x -9135 = 122:3 ft. per sec. 


= TE a ee ena 
T na EA “T1106 
vı = v, as the turbine is an axial flow 
n 
v = md z 
; l n 
That is, Moco EET Xe x 30 
From which, n = 311 revs. per min. 
V, ois 


T sin 48-7431 
Va = V, = 73-2 ft. per sec. 


as the turbine is an axial flow impulse. 
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Vy, = 1, - V, cos 23 
= 73-2 — (73-2 x -9205) = 5:8 ft. per sec. 


Vit Viet 
Work done per pound = J Do a I 
(122:3 Xx 73-2) (5:8 x 73:2) 
32-2 PEE 
= 265 ft. lb. 


Quantity of water per second = b X md X V, X -85 
4 

Sa X 7 xX £5 X 545 X88 

= 218 cu. ft. per sec. 

__ W x work done per lb. 

ag: 550 

218 x 62-4 x 265 

F 550 


Horse-power 


= 6550 


EXAMPLE 2. 


In an outward-flow impulse turbine the available head is 81 ft. The rim 
speed of the wheel at inlet is 4V 29H, guide vane angle and wheel vane angle 
at outlet are 20°, inlet radius -75 ft., outlet radius 1 ft. The velocity of the 
water in the guides is 95 per cent of the theoretical velocity due to total head. 
The losses in the wheel to be taken as 6 per cent of total head. Find the 
hydraulic efficiency. 

If the depth of the guides is -25 ft. what would be the horse-power of the 
turbine if used with admission over one-quarter of the circumference, allowing 
10 per cent loss of area due to vanes? (London Univ.) 


Referring to velocity diagrams of Fig. 126, 
v = -4V 29H = -4V/64-4 X 81 = 28-95 ft. per sec. 


vri 1 

Dieter 28-95 X 7B 38-6 ft. per sec. 

V = -95V 2gH = -9564-4 x 81 = 68-6 ft. per sec. 
Vo =-V cos 20 = 68-6 x -9397 = 64:5 ft. per sec. 
V, = V sin 20 = 68:6 x -342 = 23-45 ft. per sec. 

y 23°45 
tan 0 = ——_ = -= 66 
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Using Equation (1), Art. 115, and allowing for 6 per cent of 
total head loss in vanes, 


2 2 a 42 
That is, Vere 
From which, V, = 46-5 ft. per sec. 
Vy, = V, cos 20-% 
= (46-5 X -9397) - 38-6 


42-62 — (28-95? — 38-62) — (06 x 2g x 81) 


I 


= 65 ft. per sec. 
V 
Work done per pound = rat + ha 
__ (64:5 X 28-95) | (5 x 38-6) 
© i322 32-2 
= 64 ft. lb. 
__ Work done per pound _ 64 x 64-4 
Se EH Cf eas E (68-6)? 
2g 
= 87-5 per cent 
Radial area of flow) _ db 1 v 90 
at inlet R To 
ip x 25 Xx 
= X x x 7. x 100 
== -265 sq. ft. 


Quantity of water _ 265 V, 


per second 
= -265 X 23-45 = 6-22 cu. ft. 
W x work done per pound 
Horse-power = 550 
6:22 X 62-4 X 64 
550 
45-1 
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116. Summary of Equations for Turbine Problems. The 
following is a tabulated summary of equations and conditions 
governing all classes of turbines, which will be useful for 
reference when solving problems on turbines— 


IMPULSE, REAOTION. 


Radial and V = V29H 


axial flow Work done _ Vv wt Vot: Work done l Me Vv z Vot: 
per pound g g per pound g g 
Jars =H-o 
29 2g 2g 
Vy 
ea TE 
Eiydtaulinet e z Hydraulic eff. = — 
Wheel must not run full. Wheel must run full. 
Vy depends on area of flow Vy depends on area of flow. 
and on amount full. Pressure varies throughout. 
Pressure is atmospheric. 
Radial flow vu r i e 
only vv r v r 
Axial flow v = v v v 
_ only Ue Beil 
1 


117. Types of Turbines. (a) BARKER’S MILL or Scotca 
TURBINE. This is a simple type of reaction turbine which is 
now obsolete.* It consists of a revolving cylindrical tank 
having arms through which the water is discharged backwards, 
as shown in Fig. 131. Problems on this type of turbine may 
be solved from the ordinary methods applied to reaction 
turbines. The velocity diagrams for inlet and outlet may be 
drawn in the same manner as in Fig. 126. It should be noted 
that the arm corresponds to the moving vane. As the water 
enters the vane radially and at the centre, 


aand 0 = 90° 
v= 0 
V,;= V, = V 
The diagram at inlet thus becomes a radial line as shown in 
Fig. 132. 


* It has been revived as a lawn sprinkler. 
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Consider the velocity diagram at outlet. As the water 
leaves tangentially, 


fando = 0 
Ve, = Vi, 
Vy, = 0 


The velocity diagram at 
outlet is thus a horizontal 
line (Fig. 132), from which 


Vee eve... (Ù 
Work | 


done per 
pound of 
water 


Veuve Vy e, 
ar 


(Par vv 
ig 
(From Eq. 1) 


p, fa 
=H- / 


where H = head of water 
in tank. Fra. 131 


aa RES supplied AS mils wi V 
per pound of water \ Z H = ae aE a 
Vio, Ur 
E 
V=V;-=17 V 


Outlet diagrom 
Inlet diagram Fie. 132 


Substituting for V, from Equation 1, 
ae (Vi = se ( Vas 
g 2g 
TAER 
ONI 
2 
Vice ER 


Efficiency = 
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(b) Fourneyron TurBINeE. This is an outward radial flow 
reaction type and was the first successful reaction turbine to 
be made. It has been used for heads of 1 ft. to 360 ft. and 
has an efficiency of about 75 per cent. It is governed by a 
cylindrical sluice gate which fits between the moving and fixed 
blade rings. As throttling the supply in this way causes a 
loss of head due to sudden contraction, transverse diaphragms 
are fitted through the blades which divide the wheel into four 
sections, as shown in Fig. 133. The cylindrical gate may then 
close one or more sections completely without causing any 
loss of head. : 

(c) Francis Tursine. The Francis turbine is an inward 
flow radial reaction type and was the first type of inward 


A INLET PIPE 


flow to be constructed. This has the advantage of the centri- 
fugal force acting against the flow, which reduces the tendency 
to race. In modern Francis turbines the flow is regulated by 
swivel guide blades. The Francis turbine is the type now used 
for all water-power schemes of medium heads. Heads up to 
1,000 ft. are used and overall efficiencies of 88 per cent are 
attained; 50,000 horse-power can be obtained from a single 
runner. . 

(d) THomson TURBINE. This is an inward flow reaction 
turbine. The turbine wheel is surrounded by an eccentric 
chamber called a vortex chamber (Fig. 134). The water 
enters the wheel at the largest part of the chamber and is 
guided to the moving blades by four pivoted guide blades. 
The flow may then be regulated by closing up the guide blades. 
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(e) Jonvat TURBINE. The Jonval is an axial flow impulse 
turbine. The simplest type consists of one horizontal ring of 
moving blades into which the water is directed by guide vanes 
placed above. The flow is regulated by a horizontal sluice 
which closes parts of the wheel. 

A later type of Jonval wheel consisted of several concentric 
rings of moving blades. The power may then be regulated 
by closing one or more rings completely. 

' The invention of the suction tube is also due to Jonval. 

(f) GIRARD TURBINE. There are two types of Girard 

turbines, an axial flow and a radial flow; both are impulse 


Fra. 134 


wheels. They may be used for heads up to 1,700 ft. and have 
an over-all efficiency of about 75 per cent. The guide passages 
do not extend over the whole circumference but over two 
opposite quadrants. The water supply is varied by a sliding 
circular sluice gate (Fig. 129) which completely shuts off the 
, flow through the vanes it covers. By turning this sluice the 
flow may be stopped through as many vanes as required. 
This prevents any loss of head due to contraction when running 
at “part gate.” The wheel of the axial flow is usually placed 
vertical, the radial flow may be horizontal or vertical. 
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(g) Petron WHEEL. The Pelton wheel is a special type of 
axial flow impulse turbine and is used for very high heads. 
It is the most efficient type of impulse wheel, having an 
overall efficiency of 84 per cent. This type of wheel has been 
evolved from an earlier type of water wheel usedi in the mines of 
California. 


g UK 


‘Ge 
OK 


l 
M E 


Fic. 135.—PELTON WHEEL 


The jet impinges on the wheel from one or more nozzles and | 
strikes the blade at the centre (Fig. 135), flowing axially in 
- both directions. The blades are known as buckets and consist 
of a double hemispherical cup (Fig. 136). As the water flows 
axially in both directions, there is no axial thrust on the wheel. 
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The flow of water through the wheel may be regulated by a 
throttle valve in the supply pipe or by a needle valve in the 


SS -A ~ r 
|“ 
Fie. 136.—PELTON WHEEL Buckets (EXTERNAL VIEWS) 


nozzle. The buckets are so shaped that the jet is discharged 
backwards. Usually, the total deflection of the bucket is 160° 


Fie. 137 


(Fig. 137) An arrangement of a Pelton wheel, showing 
nozzles, made by Sir W. G. Armstrong, Whitworth & Co., is 
shown in Fig. 138. 
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The work done and efficiency of the Pelton wheel may be 
obtained from the velocity diagrams as in the case of ‘an 
ordinary axial flow impulse turbine. 


(Armstrong- Bikes il) 


Fie. 138.—ARRANGEMENT OF PELTON WHEEL 


For a Pelton wheel, 
6= 0 
Also, a= 0 
Then, velocity diagram at inlet is a horizontal straight line, 
as shown in Fig. 139. 


y eee un Soe 
= V = 


Inlet diagram 


= 


7 


Fig. 139 
Outlet diagram 
Hence, k = Vv 
And, Vo = V = VH 
Va = 0 
From triangle at outlet (Fig. 139), 
vi = v 


o = he re 
= V,,cosd-v, 


= (V-v)cosd-v 
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Work done per MaN ee Vg v Vot 


of water g g 

EV [(V - v) cos ġ -vw 
9 g 

(as V, is negative) 


= grl 
uss 
Sie, 
l 
— [Vv + vo(V - v) cos ẹ - v?] 
Efficiency = e = Loo 
2g 


The speed of the wheel for maximum efficiency can be found by 
differentiating this equation in terms of v and equating to zero. 


oe V + (V - w) cos ġ - w = 0 
From which, V(1 + cos ġ)- w(i + cos $) = 0 
Hence, v mia 


2 


Therefore, the speed of the wheel for maximum efficiency 
will be equal to half the speed of the jet. 

In practice it is found that the maximum efficiency is when 
the speed of the wheel is -46V. 


Putting v= 


Maximum efficiency = — y: 


=} q + cos ¢) 


When ¢ = 0, the efficiency is equal to unity. 
Tt will be noticed that the deviation of the jet is 180 - ¢. 
The following rules are used for the proportions of the buckets— 


Let d = diameter of jet 
Depth of bucket == 1:2d 
Width of bucket == 60 


10—{T.5167) 
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The number of buckets may be obtained by arranging them 
so that the jet is always completely intercepted by a bucket. 

Let R be the mean radius of bucket circle and y be the 
angle subtended by two adjacent buckets (Fig. 140). If the 
jet is to be always intercepted, one bucket will be just about 
to move out of the jet as another has just moved in. 

Let b, c, and e be adjacent buckets. As jet is moving at twice 
the speed of the buckets, a section of jet will move from c to e 


in same time as bucket b moves to e. Hence, for jet to be 
always intercepted, the buckets will be as shown in Fig. 140. 
Consider triangle abc, 


ac = R + $ depth of bucket = R + -6d 


ab = R + } diameter of jet = R + -5d 
R + -5d 
Th sy = 5 
en, cos y BoA 
From which equation y is obtained. 


Then, number of buckets* = ped 


Pelton wheels are in use with heads as large as 5,000 ft. 


* This equation does not hold in practice as there is not sufficient space 
around the wheel perimeter for this number of buckets to be inserted. Actually, 
the number of buckets is about half of that given by the equation. 
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EXAMPLE l. 


A cup, similar to that in a Pelton wheel, deflects a jet of water through an 
angie of 120°. Determine the speed of the cup in terms of the velocity of 
the jet so that the work done by the jet on the cup shall be a maximum and 
express this work as a percentage of the energy of the jet. 

Show how the speed necessary for maximum efficiency would be affected 
if the friction of the water in passing over the surface of the cup were 
considerable. (London Univ.) 


Referring to Figs. 137 and 138, 
$ = 180-120 = 60° 


Work done per pound tli Sale Vov Vu 
of water g g 
E KE AREAS 60 — v7 
<a g 
Differentiating for a maximum, 
= V + V cos 60 — 2v cos 60 - w = 0 
Hence, V(i + cos 60) - 2v(1 + cos 60)= 0 
Vaan 
Therefore, veo, 
Then, 
maximum work done) 4V?+ 4V*cos 60—-}V? 
per pound of water ) — g 
al 
g 
: VS 
Energy supplied = % 
de 
T 
Efficiency sys = “75 
2g 


If there is no friction over the cup, the relative velocity at 
exit equals relative velocity at entrance. Let friction reduce 
relative velocity at exit to k x V, 
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Then, relative velocity at exit = k(V — v), 


and, Vo, = k(V - v) cos 60-4 
Work done per pound ) _ Te: Vv [k(V - v) cos 60 — v]v 

of water Wise ee a g 

Vo ‘i vk(V — v) cos 60 - v? 
g g 
Differentiating for a maximum, 
Ta V + Vk cos 60 — 2 vk cos 60 - 2v = 0 

Or, V (1 + k cos 60) - 2v(1 +k cos 60)= 0 

From which, = - 


Therefore, the speed for maximum efficiency is not affocted 
by the friction of the water passing over the cup. 


EXAMPLE 2. 


A Pelton wheel is required to work under a head of 130 ft., and to develop 
100 h.p. at 250 revs. per min. Assuming an efficiency of 80 per cent and a 
coefficient of velocity of +98, find the jet diameter, the diameter of the bucket 
circle, the size of the buckets, and the number of buckets required. (London 


Univ.) 
V = -98 y2gH 
= -98 V 64-4 x 130 = 89-5 ft. per sec. 
For maximum efficiency, 
v = -46V (Practical value) 
= -46 X 89:5 = 41-3 ft. per sec. 


H ees: 
orse-power = — 
100 x 550 
Hence, W = The 530 lb. per sec. 


Let d = diameter of jet 


and D = diameter of bucket circle 
n 
Then, t= mM 
: 41:3 x 60 
F hich EE ORNS 
rom which, D n X 250 3-16 ft. 


Quantity of water 
flowing per second 


7 W 
l-7er-7 
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Hence d? =e 
d = -347-ft. 
= 4-17 in. 
Depth of bucket = 12d- 
= 12 4217 = bm 
Width of bucket = 5d 


= 5 X 4:17 = 20-81n. 


For number of buckets, 


R + -5d 
ce <BR 6d 
18-96 + 2-08 
— 7806-25 
From which, y= 1): 


Then, _ 360 z 
number of blades ii 


118. Some Modern Turbines. A view of a Francis turbine 
installation* is shown in Fig. 141; the turbine exhausts into 
the draught tube shown in the figure. Two views of a Francis 
turbine* are shown in Fig. 142; the guide vanes (2) are 
swivelled, the guide blade angle being varied by means of the 
ring (9); this, in turn, is operated by the governor. 

In Fig. 143 are shown two views of an axial flow impulse 
wheel* known asa Turgo Impulse Wheel; this wheel is operated 
by a single jet of water, controlled by a spear valve, as shown in 
Fig. 144. In Fig. 145 is shown a sectional view of the shaft 
governor and jet deflector mechanism for controlling the speed 
and output of this turbine. Turgo Impulse Wheels are in use 
for heads from 30 ft. to 900 ft., have diameters from 6 in. to 
3 ft., speeds from 120 r.p.m. to 2,500 r.p.m. and develop powers 
from 1-12 to 5,000 b.h.p. Quantities of water consumed vary 
between 26 and 4,500 cu. ft. per min. 


* By courtesy of Messrs. Gilbert Gilkes & Gordon, Ltd., Kendal. 


/ERFLOW 


Fig. 141.—GEenERAL ARRANGEMENT OF A SPIRAL CASED 
FRANCIS TURBINE SHOWING INTAKE TO TURBINE 
AND SUPPLY PIPE 


DiScHARCE 


Fia. 142.—Sprmat CASED FRAncis TURBINE IN PART SECTION 
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119. Specific Speed of a Turbine. The specific speed of a 
water turbine is the speed at which a geometrically similar 
turbine would run if producing one horse-power under a head 
of 1 ft. of water. This is sometimes called the Type Character- 
istic of the turbine. Within certain limits each type of 
turbine will have its own value for the specific speed ; hence, 


Fia. 143.—Two Views SHOWING THE INLET (LEFT) AND OUTLET 
(RIGHT) SIDES or A TuRGo IMPULSE WHEEL 


if the specific speed is known it is possible to judge the type of 
turbine. 

An equation for the specific speed of a turbine can be 
obtained by applying the principle of similarity to water 
turbines. It will be assumed that all turbines are geometrically 
similar; that is, that all their linear dimensions are in propor- 
tion, and the blade angles are constant. 


Let D = diameter of turbine in feet 
n, = specific speed of turbine in revs. per min. 


P = horse-power developed. 
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Then, using the notation of Art. 113, 


_@ D 
igo 
v 
From which, Diaz, 


But, oon 


Fie. 144.—SPEAR 
VALVE CONTROLLING 
WATER JET 
OPERATING TURGO 
IMPULSE WHEEL 


vo yV 
That is, voc VH (as V c VH) 
Hence, Dice ae . > : : T) 


Assuming linear dimensions of turbines to be similar, 
b œ D . 
H 
Hence, from (1), b œ i 


From inlet triangle of any turbine, 


Vyoc V 
That is, Vio VH (as V œ VH) . 5 
Quantity per sec. E : 
passing through burhine jam radial area of flow x vel. of flow 
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Substituting from equations (1), (2), and (3), 


Quantity per sec. oc 1 x aa x VH 
oC FL) 


Fia. 145.—DIAGRAM or SHAFT GovERNOR AND DEFLECTOR 
witH AUTOMATIC SPEAR REGULATOR 


Weight of water per sec. = W = w x quantity per sec., 
H? 

Or, We 75 5 : : . (4) 
WH 


Now, horse-power of turbine = aa 


3 
2 


Hence, from Eq. (4), PEO E Xia 


Pac 
g 
Or, ne 
d VP 
That is, t= S 


where k is a constant depending on the type of turbine. 
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When the turbine is developing 1 horse-power under a head 
of 1ft., it will be noticed that k is equal to n which, under 
these conditions, is known as the specific speed n,. 


Hence, » = i, 
nVP 
Hence, N, = = ; : ; a GD) 
1 H* 


It is found that for impulse turbines n, lies between 3 and 10, 
for reaction turbines the value of n, is between 10 and 400; 
radial flow type between 10 and 100, propeller type up to 400. 
The n, for a Pelton wheel is between 3 and 7. 

Suppose it is required to install a water turbine to work at 
a given speed, under a given head, and to produce a given 
horse-power. Then, putting these quantities in Equation 5 
the specific speed is obtained. If this has a value of between 
10 and 100, a radial flow reaction turbine should be used; if 
the value is less than 10, an impulse turbine or Pelton wheel 
should be used. If the value is more than 100, then two or more 
reaction turbines would be required. 

In Fig. 146* are shown the proportion of the runners of 
three reaction turbines, each of different specific speeds; the 
efficiency curves of the same turbines are shown in Fig. 147. 


EXAMPLE. 


Deduce an expression for the specific speed of a reaction turbine. Under 
a head of 40 ft. the maximum feasible specific speed is 100. If, under this 
head, an installation of 20,000 h.p. is required, and if the speed is to be 150 revs. 
per min., how many units should be used ? (A.M.I. Mech. E.) 


Using Equation 5, 


That is, 100 = ——_,— 


From which, _ P = 4,500 per unit 
20,000 
4,500 
; = 0 
* By courtesy of Sir W. G. Armstrong, Whitworth & Co. 


No. of units = 


for same output under unit head 


(Armstrong- Whitworth) 


Fig. 146.—Tyrrs or REACTION TURBINE RUNNERS 


Showing comparative sizes of runners 
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(Armstrong-W hitworth) 


Fig. 147.—Errictency CUBVES FoR REACTION TURBINE RUNNERS 
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120. Governing of Turbines. The speed of a water turbine 
is regulated by means of a centrifugal governor of a similar 
type to that used on a steam engine. The governor controls 
the water supply by operating sliding gates as explained in 
Arts. 114, 115, and 117, or by operating pivoted guide vanes, 
as shown in Fig. 134. The centrifugal governor is not powerful 
enough to move the gates unaided on account of their weight, 
and a mechanism is installed which, when operated by the 
centrifugal governor, is of sufficient power to move the heavy 
gates. This method is known as relay governing. 

The earliest method of relay governing was by means of a 
system of open and crossed belts on fast and loose pulleys 
driven from the turbine shaft. The belts were moved from 


Fie. 148 


the fast to the loose pulleys by the centrifugal governor. This 
is similar to the belt drive for the return motion of an engineer’s 
planing machine. 

Modern types of relay governors consist of a differential 
cylinder worked by water or oil pressure. A diagrammatic 
view of a differential cylinder is shown in Fig. 148. The relay 
piston is larger at one end than at the other, the relay cylinder 
being correspondingly shaped to suit. Oil or water is kept 
at a constant pressure in the annular space B. -The pressure 
of the oil or water in the space A is regulated by the centrifugal 
governor. When the turbine is running steady, the total 
pressure at A equals the total pressure at B and the piston is 
then in equilibrium. If the turbine speeds up, the centrifugal 
governor operates the oil valve and admits high pressure oil 
in A; this forces the piston to the right, and the piston rod C 
will cause the gate to partly close. If the turbine slows down, 
the centrifugal governor exhausts the oil in A, the piston is 
then forced to the left by the oil pressure in B, and the gate 
will open farther. 

In all modern makes of this type of relay governor oil is 
used, the oil pressure being obtained from an oil pump driven 
off the turbine shaft. 


WATER TURBINES 291 


The following is a description of an automatic oil pressure 
governor made by Sir W. G. Armstrong, Whitworth & Co. A 
view of this relay governor is shown in Fig. 149. 

The governor is driven direct from the turbine shaft by belt or 
other means, and is of the automatic oil pressure sensitive type. 


(Armstrong- Whitworth) 
Fic. 149A.—AUTOMATIC OIL PRESSURE GOVERNOR 


. Governor head 9. Connecting rod 


1 

2. Driving pulley 10. Servomotor cylinder 
K Poise 11. Drain cock for sump 
5, Speed adjusting handwheel 12. Governor shaft bearing 
6. Valve housing 13. Compensating pipe 

7 Relay chamber 14. Locking pin 

8. Air cock 15, Handgear 


The oil pressure is obtained from a rotary gear pump, also 
driven from the turbine shaft, with accurately cut teeth to 
ensure the highest possible efficiency and noiseless rotation. 

The servo-motor piston is connected direct to the actuating 
lever on the governor shaft, the piston being differential. The 
pressure oil operates on the servo-motor piston through a 


(Armstrong-W hitworth) 


Fie. 1498.—ReEtay GOVERNOR COUPLED TO PELTON WHEEL 
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rotating cylindrical distributing valve which is directly con- 
nected to the governor head, and moves axially when any 
speed variation takes place. 

In the event of a speed rise, the rotating valve is moved 
away from the governor head, uncovering a port which opens 
the large area side of the servo-motor cylinder to the sump. 
Constant pressure always being maintained on the small area 
side, the piston is moved back from the centre of the governor, 
thereby closing down the turbine. 

Should the speed drop, the valve moves towards the governor 
head, uncovering a port which admits pressure oil into the large 
area side of the servo-motor piston, moving the piston towards 
the centre of the governor owing to the greater volume of 
pressure oil on the back of the piston, thereby opening up the 
turbine. 

The movement of the actuator lever operates a relay plunger 
pump which is connected by means of a pipe to an oil brake 
damping cylinder at the end of the valve spindle when the 
servo-motor piston is moved in the closing direction. The 
telay pump simultaneously forces oil to the back of the oil 
brake piston, thus restoring equilibrium, and preventing the 
governor from over closing. This arrangement makes hunting 
impossible. 

The governor head is of the patent evolute type, where only 
rolling motion takes place, making friction losses practically 
negligible. 

A synchronizing attachment is provided for varying the 
speed regulation of the set between full and no load. This 
mechanism is adjustable by hand. A hand control is provided 
for adjusting the running speed to + 4 percent. An electric 
remote control from the switchboard can also be installed if 
required. 

Hand operating gear is provided for starting up and in case 
of emergency. 

In Fig. 1498 is shown a view of this governor coupled to a 
Pelton wheel. In this case the governor is operating the 
needle valve at the nozzle. 


121. Inertia of Water Column in Supply Pipe. Another 
difficulty in water turbine governing is the regulation of the 
increase of pressure due to the inertia effect of the column of 
water in the supply pipe. On the governor partly closing the 
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gate there will be a slowing down of the water in the supply 
pipe ; this will cause an increase of pressure at the guide vanes 
which may tend to speed up the turbine. In order to prevent 
this, a pressure regulator in the form of a spring relief valve is 
fitted at the turbine end of the supply pipe. 

Another method of overcoming the inertia effect of the water 
column in the supply pipe is to fit a vertical pipe and tank, 
known as a “surge tank” or stand pipe, on the supply pipe 
as near to the turbine as possible (Fig. 150). This tank is open 


Fie. 150 


to the atmosphere at the top. When the turbine gates are 
closing, the slowing down of the water column in the supply 
pipe will cause a rise of pressure, and water will flow into 
the surge tank, thus reducing the shock. When the turbine 
gates are opening, water will flow from the surge tank into 
the turbine whilst the water column in the supply pipe is 
accelerating. 

For turbines with very large heads the surge tank is closed 
at the top, the air trapped in being compressed and expanded 
by the closing and opening of the turbine gates. This is the 
same in principle as the air vessel on a reciprocating pump. 

122. Characteristic Curves for Turbine. There is a large 
variation in the efficiency of a turbine when the gate and speed 
are varied ; for small gate openings and low speeds the effi- 
ciency is very low. To obtain the conditions for the maximum 
efficiency for a turbine a diagram is plotted showing the 
efficiencies for all conditions of running; from this diagram 
the condition for maximum efficiency may be obtained; such 
a diagram is known as a Characteristic Curve. The points on 
the diagram are obtained by testing the turbine for various 
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gate openings and at various speeds; the diagram holds for 
that particular turbine only. 

Before plotting the diagram certain characteristics for the 
turbine are calculated from the results of the tests; these 
characteristics are known as Unit Power, Unit Speed, and 
Unit Quantity. 

Unit Power. The unit power of any particular turbine 
may be defined as the power developed under a head of 1 ft., 
or under unit head if any other system of dimensions be used. 


Let P = horse-power developed 
then, Poe Well 
but, See VV SE Aay 
and, Voc VH 
hence, W œ VH 
Then, P œH’ 
Or, PT. 


where k, is a coefficient which will vary with the efficiency of 
the turbine ; that is, with the gate opening and speed. 
When H = 1 ft. 
P = k, = unit power 
: : BR 
Hence, the unit power of a turbine = k, = a 


Unit Sprep. The unit speed for a particular turbine is 
the speed when running under a head of 1ft. For a given 
turbine, 


n æ VH 
or, n = k,V H 
where k, is a coefficient which will vary with the conditions of 
running. | 
When H = 1 ft., n = k, = unit speed 


n 
Hence, unit speed of a turbine = k, = JĀ 
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Unit Quantity. This is the volume of water passing 
through the turbine when the head is 1 ft. 


Q=aV 
or, Qca VH 
hence, Q œ VH 
or, Q = k,V H 
where k, is a coefficient depending on the condition of running. 
reer EE a 
t M 
< Fur, Care 
Vo ‘ IE 
i > 2 C, 
2 \ ATE 
O 
a L 
- < S 
= ` z 
TE 
Q 
= Ye 
X 
L GATE 
Pato a 


Unit SPEED 
Fie. 151 


When H = 1 ft., Q = k, = unit quantity, 
oie 
VH 
THE CHARACTERISTIO CurvE. This is a chart showing the 
efficiencies of a particular turbine under all conditions of 


running. The turbine is first tested for a particular gate 
opening ; the speed and head are varied, and the quantity and 


then, unit quantity for a turbine = k, = 
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brake horse-power are measured. From these results values 
of the efficiency, unit power, and unit speed are calculated 
for the various speeds and heads at that gate opening. A 
curve is then plotted for this gate opening with unit power 
and unit speed as ordinates; the efficiency for each point 
obtained is written on the curve at that point (Fig. 151). 
These tests are repeated for various gate openings, and the 
efficiencies plotted as before. By examining the efficiencies 
written at each point, lines of equal efficiency can be drawn 
by interpolation ; these lines correspond to the contour lines 
on a map. 

From this chart it can be seen at a glance what the speed 
of the turbine should be, at any gate opening, in order to give 
the best efficiency for that gate opening. It also shows 
clearly the maximum efficiency of the turbine for all condi- 
tions, and the gate opening and speed which produce this 
maximum efficiency can be read off the chart; this should be 
the normal condition of running for the turbine. 

123. Principle of Similarity Applied to Turbines. The 
principle of similarity may be applied to turbines in order to 
predict the performance of a future design from the tests on a 
model. A small model is made similar to the actual turbine 
and, by means of a test, its horse-power is measured under a 

known head and at a known speed; the quantity of water 
_ supplied is also measured. From these results it is possible 
to calculate the performance of the actual turbine. 


Let D = diameter of a turbine. 
P = horse-power of turbine. 


For all similar turbines all the velocities such as V, v, V,, V, 
etc., will be proportional to VH. This is obvious from the 
velocity diagrams, the blade angles being constant. 


Hence, voc VA 
and, F; Cc VH 
but, v = nDn 
hence, aDn « VH 
VH 

from which, Do : : 3 ; (d) 
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Also, JP eS ae 
_ w(7Db)V,H 
550 
but, baD 
and, pic yH 
hence, P œ DR’ 
or, PRED 2 a 


where k, is a constant for the type of turbine considered. By 
combining Equations (1) and (2) the equation for specific 
speed may be obtained, as in Art. 119. 


Also, Q => nDo V; 
then, Q < DVH 
oT, Q =k, DVH . : : ; (3) 


where k, is a constant for the type cousidered. 

It was shown in Art. 103 that 

H 

PEP 

Hence, by measuring the values of P, H, n and D from the 
model test the values of k, k,, and k, may be calculated. These 
values will also hold for the large turbine ; hence, as its dia- 
meter is known, and as the head under which it will run is 
known, its horse-power, speed, and quantity may be calculated. 
It should be noted that the horse-power used for equation (1) 
is the water horse-power supplied, whilst that measured in the 
model test is the brake horse-power ; hence, the efficiency of 
the runner has been assumed to be the same for both model 
and large turbine. This is not quite true, as the efficiency of the 
model is slightly less than the large turbine due to the friction 
of the water being greater in the small passages of the model. 


EXAMPLE. 


Tests on a model turbine, | ft. diameter, give a maximum efficiency of 
82 per cent at 900 revs. per min. and at ł gate opening, under a head of 64 ft. 
The output was then 38-4 b.h.p. A similar turbine is required to develop 
500 b.h.p. at ł gate under a head of 81 ft. Calculate its diameter and speed 
of rotation. How would you expect its efficiency to compare with that of 
the model ? (London Univ.) 
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Assume efficiency is the same for model and turbine, and 
use the equation for specific speed given in Art. 119. 


Then, n= 


From which, k = 5 


900V 38-4 
= 900738-4 _ 30:75 


64* 
Next apply this equation to the large turbine, the value of 
k will be the same as for model. 
H? 


n = 30:75 
VP 


81“ 
4/500 
= 334 revs. per min. 


From Equation (1), 
VH 


N 


D= c 


where c is a constant for model and large turbine. 


Hence, applying this equation to model, 


Using this value of c and applying the equation to the large 
turbine, 


112-5V H 
je E 
n 
112-581 
en 984 
= 3-04 ft. 
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124. Propeller Turbines. A type of water turbine which has 
attained great popularity within recent years is known as the 
propeller turbine. It is an axial flow reaction type having a 
small number of blades, usually from four to six. The runner 
is fitted horizontally (see Fig. 152) and the blades resemble, in 
appearance, the propeller blades of a ship. Propeller turbines 
have a high specific speed, varying between 100 and 400. 


BLADES OPEN BLADES CLOSED 
(Escher-Wyss Engineering Works, Lid.) 
Fig.152.—KAPLAN TURBINE RUNNER 


A very efficient type of propeller turbine is the Kaplan 
turbine; this make is fitted with swivel blades by means of 
which the blade angle can be varied with the output. By this 
method a high efficiency is maintained at all gates. 

Views of the runner and guide blades of a Kaplan turbine* 
are shown in Fig. 152. The left-hand view shows the runner 
blades and guide vanes fully open; in the right-hand view they 
are closed. The blades are swivelled by a mechanism contained 
in the boss; this is operated by the turbine governor through 


* By courtesy of Messrs. Escher-Wyss Engineering Works, Ltd., Zürich, 
Switzerland. 
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the action of a servo-motor. By this means the blade angles 
are automatically adjusted, according to the power developed 
by the turbine. This prevents the falling off of the efficiency at 
part gate. l 

In Fig. 153 are shown the efficiency curves of a Kaplan 
turbine with swivel blades, and a propeller turbine with fixed 
blades, plotted to the same scale on a base representing the 


£fficiency per cent 
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Fig. 153 


output or gate opening; both turbines have the same specific 
speed. It will be noticed from the curves how the Kaplan 
swivel-bladed turbine maintains its high efficiency through 
most of its range of output. 

Kaplan turbines are pure axial flow, with four to six blades 
having no outside rim; the blades are made of stainless steel. 
They are constructed to run at speeds varying between 60 
and 220r.p.m. and to work under maximum heads varying 
from 9 ft. to 50 ft. They are very efficient at low heads. The 
runner may have a very large diameter; one runner is 26 ft. 
3 in. in diameter, and weighs 150 tons. MHorse-powers of 
40,000 per unit have been reached.* 

A sectional view through a Kaplan turbine installation is 
shown in Fig. 154. The oil pressure servo-motor is shown at 
A; the high-pressure oil admission is at B. C is the thrust 
bearing, D the geared oil pump, and Æ the speed control 
governor. 

* For aerofoil blading solution of propeller turbine see Art. 163. 
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A cross-sectional view through the power station containing 
this turbine is shown in Fig. 155. The small difference of 
head between the two water levels should be noticed. 


EXAMPLES 10. 


(1) An inward-flow reaction turbine has an external diameter of 2 ft. If 
the breadth of the wheel at inlet is 6 in. and the velocity of flow at inlet is 5 ft. 
‘per sec., find the weight of water passing through the turbine per sec. 


Ans.—980 lb. 


(2) If the turbine of Question 1 has a speed of-192 revs. per min., and if 
the guide blade makes an angle of 10° to the wheel tangent, draw the velocity 
diagram at inlet and find the runner blade angle, the velocity of whirl, the 
absolute velocity of the water leaving the guide vane, and the relative 
velocity of the water entering the runner blade. 


Ans.—@ = 31°; Vo = 28-4 ft. per sec.; V = 28-8 ft. per sec. ; 
V, = 9-8 ft. per sec. 


(3) If the turbine of Questicn 1 has an inner diameter of 1 ft., find the 
breadth of the wheel at outlet in order to keep the velocity of flow 5 ft. per sec. 
Find also the runner blade angle at outlet if the discharge is radial and draw 
the velocity diagram at outlet. 

Ans.—12 in.; 26°. 


(4) Find the work done per lb. of water for the turbine in Question 1; 
find also the head supplied, the horse-power produced, and the hydraulic 
efficiency. 

Ans.—17-7 ft. Ib.; H = 18-12 ft.; h.p. = 31-6; eff. = 98 per cent. 


(5) The lead-on angle of the guide vanes in an axial flow impulse turbine 
is 20°; the wheel vane angle at entrance is 30°; the head 400 ft. If the 
velocity at discharge is axial, and if the coefficient of velocity for the guide 
vanes is :98, determine the work done per second when passing 10 cu. ft. 
per sec. and running under maximum efficiency conditions. [Sin 20° = -342.] 
(A.M.I.Mech.E.) 

Ans.—229,000 ft. lb. 


(6) In an outward-flow turbine supplied with 180 cu. ft. per sec. and 
making 200 rev. per min., the internal and external diameters of the wheel 
are 6 ft. and 7 ft. 6 in. respectively and the effective width of the wheel-face 
at inlet and outlet is 9in. The head on the wheel is 115 ft. and the discharge 
is free and radial. Neglecting the thickness of the vanes and friction losses, 
determine the angles of the vanes at entrance and exit, and sketch a vane 
showing these angles. (A.M.I. Civil E.) (Assume turbine to be a re- 


action.) 
Ans.—109-8° ; 7-4°. 


(7) The peripheral velocity of the wheel of an inward flow turbine is 
70 ft. per sec. The velocity of whirl of the inflowing water is 55 ft. per sec., 
and the radial velocity of flow 7 ft. per sec. If the flow is 24 cusecs and the 
hydraulic efficiency 80 per cent, find the head on the wheel, the horse-power 
of the turbine, and, by drawing to scale, the triangle of velocities, the inlet 
angle of the vanes. The discharge is radial. (A.M.I. Civil E.) 

Ans.—149-5 ft. ; 325 h.p. ; 155°. 
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(8) Describe the working of, and a method of governing, an axial-flow 
Girard turbine. 

If for such a turbine the angle of the guide blades is 30°, and the angle 
of the rotor vanes is 25° at outlet, find the maximum hydraulic efficiency, 
and the best speed of the turbine. 

The available head is 100 ft., and the mean diameter of the rotor 6 ft. 
(London Univ.) [Assume axial discharge for max. eff.] 


Ans.—93-7 per cent ; 137 revs per min. 


(9) An inward flow turbine, having an overall efficiency of 75 per cent., 
is required to give 175 h.p. The head H is 20 ft.; velocity of periphery of 
the wheel is -95 V2gH ; and the radial velocity of flow is -35V 29H. The 
wheel is to make 230 revs. per min., and the hydraulic losses in the turbine 
are 20 per cent of-the available energy. Determine (a) the angle of the guide 
blade at inlet; (b) the wheel vane angle at inlet; (c) the diameter of the 
wheel ; (d) the width of the wheel at inlet. [Assume turbine is reaction and 
radial discharge.] (London Univ.) 


Ans.—(a) 39°8°; (b) 1464°; (c) 2-83 ft.; (d) 11-02 in. 


(10) A Pelton wheel has a mean bucket speed of 40 ft. per svc., and is 
supplied with water at the rate of 150 gallons per sec. under a head of 100 ft. 
If the buckets deflect the jet through an angle of 160°, find the horse-power 
and efficiency of the wheel. i 

Ans.—264:2 h.p. ; e = 97 per cent. 


(11) Obtain an expression for the theoretical efficiency of a Pelton wheel 
when the angle of the bucket at exit makes an angle of @ with the direction 
of the jet. Show by a diagram how the efficiency of the wheel will vary as 
the relation of the velocity of the jet to the velocity of the bucket is varied. 

Describe, with carefully drawn sketches, at least one method of governing 
a Pelton wheel. (London Univ.) 


(12) Briefly describe an “ Inward Flow Turbine.” Show that in a turbine 
with radial vanes at the receiving circumference the theoretical hydraulic 


efficiency is where a is the angle made by the guide blade with a 


2 
2 + tan? q 
tangent to the point where it cuts the receiving circumference, the velocity 
of radial flow being constant. (London Univ.) 
(Assume turbine is reaction with radial discharge.) 


(13) In an outward flow reaction turbine the rim speed at inlet is 40 ft. 
per sec., and the ratio of the radii is +8. The turbine is placed 3 ft. below 
the water surface in the tail race, and the wheel vane angles are 90° and 20° 
at inlet and outlet respectively. The radial velocity of flow at inlet is 14 ft. 
per sec. Neglecting frictional losses, and taking velocity of outflow as 
radial, find the guide vane angle, pressure head at inlet to the wheel, speed of 
flow from guides, the total head, and hydraulic efficiency. (London Univ.) - 


Ans.—19°3°; 29:8 ft. of water (gauge); 42:3 ft. per sec.; 54°5 ft. 
e = 91°2. 


(14) An inward flow turbine, having an overall efficiency of 75 per cent, 
is required to give 180h.p. The head H is 30ft. The velocity of the 
periphery of the wheel is 6 VH, and the radial velocity of flow is 2 V H 
The wheel is to make 120 revs. per min. The hydraulic losses in the turbine 
are 20 per cent of the available energy. Determine : (a) the guide blade 
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angle at inlet ; (b) the wheel vane angle at inlet; (c) the diameter of the 
wheel ; (d) the width of the wheel at inlet. [Assume turbine is reaction and 
radial discharge.] (London Univ.) 


Ans.—(a) 25:1°; (b) 130°5°; (c) 5:23 ft. ; (d) 4-8 in. 


(15) An inward-flow pressure turbine has a runner whose vanes are radial 
at inlet and inclined backwards at 30° to the tangent at discharge. The 
diameter at entry is twice that at discharge, and the width at entry is one-half 
that at discharge. The guide vanes are inclined at 15° to the tangent. The 

. velocity of the water leaving the guide is 80 ft. per sec. Determine the 
correct velocity for the runner, and the absolute velocity of the water at the 
point of discharge. (A.M. Inst. C.E.) 


Ane.—v = 77-3 ft. per sec.; V, = 20-9 ft. per sec. 


(16) The following data were obtained from a test on a Pelton wheel— 


Area of jet = 12-0sq. in. 
Discharge = 6-36 cu. ft. per sec. 
Head at nozzle = 100-0 ft. 

Brake horse- power = 66-0 

H.P. absorbed in friction and windage = 3-0 


Determine the energy lost in the nozzle, and also the energy absorbed due 
to losses in the wheel at discharge. (A.M.I. Mech. E.) 


Ans.—7:05 h.p. and 5-8 h.p. 


(17) Given the formula N, = N VP ~ H? for the specific speed of a water- 


turbine, in which WN is revs. per min., P is the brake horse-power, and H is 
the available head in feet, prove that the specific speed of a single jet Pelton 
wheel is = in which d is the diameter of the jet in feet, and D is the 
diameter of the mean bucket circle in feet. Assume that the coefficient of 
velocity of the jet is unity, and that when the maximum efficiency is 85 per 


cent the mean bucket speed is -46V 2g H. (London Univ.) 


(18) Define the terms ‘‘ specific speed,” ‘‘ unit speed,” and ‘“‘ unit power ” 
as applied to a hydraulic turbine. Describe the method of preparation of, 
and the use of, the characteristic diagram for a turbine, the co-ordinates being 
“unit speed ’’ and ‘‘ unit power.” (London Univ.) 


(19) Show that in a given turbine the peripheral speed of the runner for 
maximum efficiency is proportional to VH where H is the available head, 
and that under these conditions the quantity of water consumed is propor- 
tional to V H, and the power developed to Hë. 

Hence, show how the performance of a turbine may be predicted from that 
of a geometrically similar model. (London Univ.) 


(20) What factors determine whether a turbine of the Francis, Kaplan, or 
Pelton type would be used in a hydro-electric power scheme? Determine 
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the horse-power of a machine suitable for a head of 500 ft., the quantity 
available being 30 cu. ft. per sec. If the speed is to be 375 r.p.m., what 
type of turbine would be used, and what would be its leading dimensions ? 
(I. Mech. E.) 
Ans.—| 1,700 h.p.; n, = 6-55 (use Pelton wheel), d = 5-5 in. 

“1D = 4-6 ft. 


(21) Deduce an expression for the specific speed of a hydraulic turbine. A 
turbine develops 10,000 h.p. under a head of 81 ft. at 120 r.p.m. What is its 
specific speed? What would be its normal speed and output under a head of 


64 ft ? (I. Mech. E.) 
Ans.—49-4; 106-7 r.p.m.; 7,024 h.p. 


(22) Determine the diameter, speed, and specific speed of a Kaplan turbine 
runner to develop 7,500 h.p. under a head of 17 ft., given: velocity of flow = 
20 ft. per sec.; diameter of boss = -36 x external diameter; and mechanical 
efficiency = 87 per cent. Velocity of outer edges of blades, 66 ft. per sec. 
How is a Kaplan turbine governed? (I. Mech. E.) 


Ans.—22°8 ft.; 55:3 r.p.m.; n, = 138-5. 


CHAPTER XI 
CENTRIFUGAL PUMPS 


125. Centrifugal Pumps. The action of a centrifugal pump 
is that of a reversed turbine, except that special arrangements 
must be made in order to increase the efficiency. All centri- 
fugal pumps are outward flow, as the radial velocity of the 
water in the pump is then increased by the centrifugal head 
impressed on it by the rotating vanes. The pump must 
be full when starting; for this reason, it should not be 
allowed to drain. The pump is driven by power from an 
external source, by which means the vanes are rotated. This 
gives a centrifugal head to the water in the pump, and the 
water will leave the vanes at the outer circumference with a 
high velocity and pressure. A partial vacuum will form in 
the centre, into which the water from the suction pipe flows. 
The high pressure of the leaving water is utilized in overcoming 
the delivery head of the pump. In earlier types of centrifugal 
pumps the high velocity of the leaving water was wasted in 
eddies in the circular chamber which surrounded the vanes ; 
but this is now transformed into pressure head by causing the 
leaving water to flow through a passage of gradually increasing 
area. The kinetic energy of the leaving water is thus converted 
into pressure energy, which is utilized in increasing the delivery 
head ofthe pump. The efficiency is thus considerably increased. 

Centrifugal pumps are usually of the radial flow type, but 
pumps having a mixed flow and axial flow are also made. 
Axial flow pumps are known as propeller pumps and are used 
for low heads. 

The following are the methods adopted to convert the 
kinetic energy of the leaving water into pressure energy. 

(a) VOLUTE CHAMBER. The vane wheel or impeller is sur- 
rounded by a spiral casing known asa volute chamber (Fig. 156). 
The leaving water flows inside this chamber circumferentially, 
the velocity decreasing with the increasing area of flow. When 
the water reaches the delivery pipe, the velocity will be small 
and the pressure will have correspondingly increased. It has 
been found from tests that this type of chamber only slightly 
increases the efficiency of the pump ; a considerable loss takes 
place in eddies due to the continually increasing quantity of 
water flowing through the chamber. 
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(b) VORTEX oR WHIRLPOOL CHAMBER. Professor James 
Thomson improved on the volute chamber by combining a 
circular chamber with a spiral chamber (Fig. 157); such a 
' easing is known as a vortex or whirlpool chamber. An 
increased efficiency is obtained by means of this type of casing. 

(c) Gurme BuapEs. Another method of converting the 
velocity head of the leaving water into pressure head is by 
causing the water to flow through passages of increasing area 
formed by guide vanes (Fig. 158). A pump fitted with such 
vanes is known as a turbine pump, and is similar in principle 
to a reversed inward flow turbine. The guide blades are 
placed at such an angle that the water enters without shock 
and is surrounded by a volute chamber, by which the water 
reaches the delivery pipe. The ring of guide blades is called 
a diffuser, and is found 
to be very efficient. 

There is much looseness 
in the use of the above 
terms. Some authorities 
apply the terms vortex 
chamber, whirlpool 
chamber, and diffuser to 
all types of casings sur- 
rounding the impeller. 

126. Work Done and 
Efficiency of Centrifugal 
Pump. The blade angles 
and work done by a 
centrifugal pump may be 
found from the velocity 
triangles in the same way as for a turbine, except that the 
inlet diagram now becomes the outlet and vice versa. It is 
usual to assume the water enters the wheel radially. 


| 
Fie. 156 


Using the same notation as for turbines (Art. 113), 
Centrifugal head im- vo vv 
pressed on water | 7 ey, 


Let H = total theoretical lift of pump, or design head 
Then, 


2 
theoretical gross lift = H + = 


where vg = velocity of discharge from delivery pipe. 


Fig. 157 


Fie. 158 
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The velocity diagrams for inlet and outlet are shown in 
Fig. 159, 


The term — is small and may usually be neglected. 


o ü 
and, v ri 
work done byimpeller) Vy, % 
per pound of water)” g 
vg 
H+ 27 
2 
Therefore, Viel H ee 


Kia. 159 
Let h, = head lost in friction in delivery and suction pipes 
h = actual height water is lifted by pump 
W = weight of water pumped per sec. 
2 
Then, gross lift =h+h, n 


Actual efficiency 
1 actual lift 
-energy supplied to pump shaft per lb. of water 
Wh 


— horse-power x 550 
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gross lift 


The manometric efficiency = ihecretieali e onii 


ae 
bth +o jp Ae iin sk 


29 
tae Fo Voo 
ide E eta 
, i 2g g 
Hydraulic efficiency 
gross lift 


i energy supplied to impeller per lb. of water 


The energy supplied to impeller is less than that supplied to 
shaft by mechanical losses in bearings, etc. 

127. Minimum Starting Speed of Centrifugal Pump. In 
starting a centrifugal pump, there will be no flow through the 
wheel until the pressure difference in the impeller is large 
enough to overcome the total lift. If the impeller is rotating 
and there is no flow, the pressure head caused by the 


Uy ee 
centrifugal force on the rotating water will be ee : 


Flow will not commence until this amount is greater than H, 
as Vg = 0 when flow commences. 


Ve th 
g 


the least theoretical speed for flow to commence will be 
when 


As JG 


DP GR Vio, M4 

— =e 

2g 2g g 
where e = manometric efficiency. 


128. Head Lost in Centrifugal Pump due to Reduced or 
Increased Flow. A centrifugal pump will produce its maximum 
efficiency only when running and discharging at the speeds for 
which it was originally designed. If the normal discharge is 
increased or reduced, there will be a loss of head at entry 
due to shock. 

11—(T.5167) 
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Let triangle abd (Fig. 160) be the velocity triangle for the 
pump when running normally. The blades at inlet will be 
parallel to ab. If the radial flow through the pump is now 
reduced from bd to cd, whilst the speed of rotation remains the 
same, the triangle of velocity will be represented by acd, 
ac being the relative velocity. But the angle of the blade at 
inlet will be the same as before; the relative velocity, there- 
fore, will no longer be parallel to the blade and shock will occur. 

As the velocity of flow is fixed, and as the water must pass 
along the vane, it follows that the velocity diagram will be — 


b 


jC 


AA Y 


a e vV d 


< SS 


Fia. 160 


triangle ecd, ec being parallel to ab. Therefore, a tangential 
change of velocity ae will suddenly take place, the shock 
causing the loss of head. 

It was shown in Art. 45 that the loss of head due to a sudden 
change of velocity is equal to 


(change of velocity)? 


2g 
Therefore, (ae)? 
loss of head at entrance TT 
y \2 
ac) 
= 29 


where V is the velocity of flow cd through the pump. 


The same equation applies if the flow is greater than the 
norma] flow. 


CENTRIFUGAL PUMPS 313 


EXAMPLE. 


Show how the triangle of velocities at inlet to the impeller of a centrifugal 
pump is affected by reducing the flow below the normal; and obtain an 
expression for the loss of head at inlet for any reduced value of the velocity 
of flow. State the assumptions made and the factors which affect the 
accuracy of the expression obtained. 

A centrifugal pump has an impeller 20in. outer diameter, and, when 
running at 520 revs. per min., discharges 1,700 gallons of water per minute 
against a head of 28ft. At that discharge, the water enters the impeller 
without shock. The inner diameter is 10 in., the vanes are set back at outlet 
at an angle of 45°, and the area of flow, which is constant from inlet to outlet 
of the impeller, is -65 sq. ft. 

Determine (a) the manometric efficiency of the pump; (b) the vane angie 
at inlet ; (c) the loss of head at inlet to the impeller when the discharge is 
reduced by 50 per cent., the speed of rotation being unchanged. (London 
Univ.) 


The velocity diagrams are the same as shown in Fig. 159. 


20 520 
v = nd, a =n X75 X COs 45-4 ft. per sec. 
10 
E OX 55 22-7 ft. per sec. 
y=y quantity per sec. _ 1700 
- 4% “area of flow ~ 60 x 6:24 x -65 
= 7 ft. per sec. 
Vokes puns 45:4 — 7 = 38-4 ft. per sec 
“1 i tan 45 ý j 
(a) Work done per) Vav 
pound of water roe: 
38:4 X 45-4 
Ss ce : 1b: 
39.9 54-2 ft. lb 
e effic; = gross lift 
o ie citiciency = theoretical work done 
Mea = 51-7 per cent 
ed Cae oa 
(b) From inlet velocity triangle, 
6 NR: 308 
tan 0 = — 22-7 


When, PE T° 
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7 
(c) New velocity of flow at inlet = aoe 3-5 ft. per sec. 


eNe 
= (v-a 5) 


29 


song: Se aN 
( “tan 17-1 


2g 


Head lost at inlet 


== 2 ft, 


Fie, 161 


129. Water Pressure in Centrifugal Pumps. The pressure 
of the water at any section of the stream in a pump may be 
found by applying Bernoulli’s equation to various sections of 
the pump stream. Consider the pump and piping shown in 
Fig. 161. Let A be a point at the inlet edge of the impeller 
on the horizontal centre line of the pump, let B be a point at 
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the outlet edge of impeller on the same centre line, let C be 
a point on the water surface in the sump, and D be a point 
at the outlet of the discharge pipe. If all losses are neglected, 
the total energy of the water will be the same at all these 
points provided that the work done by the impeller is added 
to those points which are in the stream on the exit side of the 
impeller. 
-Let h, = height of pump above sump in feet 
ha = height of outlet end of discharge pipe above 
pump in feet 
pa = pressure in lb. per sq. ft. absolute at A 
Ps = pressure in lb. per sq. ft. absolute at B 
Apply Bernoulli’s equation to points A and C, let water 
level in sump be datum and neglect all losses. 
Total energy at A = total energy at C 
i N 
Hence, h, + Z + vines 34 


From this equation p, may be found. 

If the frictional loss in the suction pipe is taken into account 
the equation becomes— 

Ven Dis 

where h, is the head lost in friction in the suction pipe. 

Next apply Bernoulli’s equation to points A and B, using 
centre line of pump as datum. 

Total energy at A = total energy at B- useful work done 

by impeller 


fee pes Te a) 


Hence, T onan og A 


From this equation p, may be found. 
Next apply Bernoulli’s equation to points B and D, using 
the centre line of pump as datum. 


Total energy at B = total energy at D + losses. 


2 2 \ 
Hence, —— + E 34 + ha + z + loss in diffuser + h, 


1 
where h, is the head lost in friction in delivery pipe. 
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From this equation the loss in the diffuser may be found. 


Theoretical head saved by Viu 


fitting diffuser to pamp 2g 2g 
Efficiency of Theoretical head saved — loss in diffuser 
diffuser ~~ Theoretical head saved 
EXAMPLE. 


A centrifugal pump has a total lift of 50 ft. from well to delivery tank. 
The wheel is 5 ft. above the well water surface. The velocity of delivery 
from the uptake is 5ft. per sec.; the radial velocity of flow through the 
wheel is 10 ft. per sec. ; the tangent to the vane at exit from the wheel makes 
an angle of 120° with the direction of motion; the water enters the wheel 
radially. Find (1) the velocity of the wheel at exit ; (2) the pressure head at 
exit from the wheel; (3) the velocity head at exit from the wheel; (4) the 
desirable direction for the fixed guide vanes. Neglect friction and other 
losses. (London Univ.) 


Va" 
Total head = 50 + — 
Ea 2g 


2 


5 
50 + z = 50:39 fe 


‘Referring to velocity diagrams in Fig. 159. 
¢ = 180-120 = 60° 


yV 2N 5-77 
0) 1 tan ¢ == Ve 
Vot V4 
(1) eel ee 
g 2g 
-5-77 
Or, an ) 50:39 
g 
From which, v, = 43-23 ft. per sec. 
A 10 
2 ee o eee 
(2) Koai tan 60 
= 43-23- 577 


= 37-46 ft. per sec. 
V, A VV V2 
/37-462 + 10? 
= 38-8 ft. per sec. 
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_ Apply Bernoulli’s equation to the pump at outlet and to 
the outlet end of delivery pipe, and taking the level of the 
pump as datum, 


V2 va 
H,+ a= 50 + a 5 
where H, = pressure head at vane outlet. 
.8)2 
Therefore, H, = 50 + 39-5- me 


= 650 +- 39- 5- 23:3 
= 22-1 ft. of water. 


V, (38-8)? 


(3) ogee Gee 23-3 ft. of water. 


(4) The fixed guide vanes will be parallel to the absolute 
velocity of water at outlet, i.e. will be parallel to V,. From 
velocity diagram at outlet, 


V 
tan p = o 
where $ = inclination of guide vanes. 
Then, tan B = pate = 267 
37:46 
From which, p = Lhe 


130. The Specific Speed of a Centrifugal Pump. The specific 
speed of a centrifugal pump is the speed at which a geometric- 
ally similar pump would deliver 1 gallon of water per minute 
under a head of 1 ft. It may be found by applying the principle 
of similarity to centrifugal pumps; the method is the same as 
that used for finding the specific speed of water turbines in 
Art. 119. The specific speed is useful as an index for denoting 
the type of pump; the value varies between 500 and 8,000 for a 
single impeller. 

In working out the equation for the specific speed the 
assumption is made that all pumps are geometrically similar ; 
then all linear dimensions will be in proportion to the diameter 
of the impeller. Also, the velocity diagrams for all pumps are 
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assumed to be similar, and all velocities are proportional to 
the square root of the total head. 
Using the same notation as for turbines (Art. 113), ~ 


let d = external diameter of impeller 
n = speed in revs. per min. 
n,— specific speed in revs. per min. 
h = total head or lift in feet 


Q = discharge in galls. per min. 


Then, bad 
and f 
na as v= WwW 9 
and wm on 
then, v œ nd 
Or d oc - 
n 
But voc Vh 
Hence, d A ; 3 : <ul) 
n 
Now, ; Q œ area of flow x vel. of flow . 
That is, Ove nab V; 
But Via VA 
Hence, QadVh 
Or, substituting for d from Eq. (1), 
h g 
Q æ za X vh 
h? 
Or, Qa E 
ence, n € —= 
VQ 
hè 
This may be written, n = k —= 
VQ 


where k is a constant. 
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When À equals 1 ft. and Q is 1 gal. per min. it will be noticed 
that n = k, and also n = n, from definition of specific speed. 
nvo 

he 


As an example of the use of specific speed, suppose it is 
required to raise 30,000 gals. per min. through a height of 20 ft. 
at a pump speed of 2,000 revs. per min., and assume the value 
of n, for a single impeller to be 8,000. Then, 


2000VQ 
eae Une 


Hence, | ty pee 


8000 = 


From which, Q = 1430 gals. per min. per impeller. 


Least No. of impellers = 20 000 


Hence, 21 impellers would be required, in parallel. 


131. Principle of Similarity Applied to Centrifugal Pumps. 
This principle may be applied to centrifugal pumps in order 
to predict the performance of a future design from the results 
of tests on a model of the same proportion. A model is 
constructed and tested under known conditions; the horse- 
power required to drive it, the speed, the head, and the discharge 
being measured. From these results the horse-power, speed, 
and discharge of the large pump under a known head can be 
calculated. 

In Art. 130 it was proved that 


Vh 
d (oe me (1) 
Q «dvi $ 
si 
sn o 
À 10 Qh 
Also, horse-power = P = 33,000 


or, TP Ohi e: ' ‘ . (4) 
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Substituting for Q from Equation (3) 
h? 
P Serene . . . . (5) 


From these five equations the performance of the large 
pump may be calculated from the results of the model test. 


EXAMPLE. 


It is required to predict the performance of a large centrifugal pump from 
that of a scale model one-fourth the diameter. The model absorbs 20 h.p. 
when pumping under the test head of 20 ft. at its best speed of 400 revs. 
per min. The large pump is required to pump against 60 ft. head. What 
will be its working speed, the horse-power required to drive it, and what 
will be the ratio of the quantities discharged by the larger pump and the 
model? (London Univ.) 


d 
From Equation (1), T is a constant for both large pump 


and model; hence, v 


d d 
Z? for model = Ti for large ee 


Vh 
400 xd nx 4d 
a Var (V60 
From which, n = 173 revs. per min. 


Bits 
From Equation (5), H is a constant 


Rn? Pn? 
hence, - for model = : for large pump 
20° 4007) EPs 
Or, a o 
20 60° 
From which, P = 1670 


From Equation (2), 
Q for large pump _ d?Vh for large pump 
Q for model | 2h for model 
16d? x v60 
d? x V20 
= ey 
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132. Characteristic Curves. From the results of tests on a 
centrifugal pump when running at its design speed, curves 
may be plotted showing the relation between efficiency, brake 
horse-power, head, and discharge. These are known as 
characteristic curves, and are plotted for one speed only. 
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(Worthington-Simpson, Ltd.) 
Fie. 162.—PERFORMANCE OF SINGLE IMPELLER LOW-LIFT PUMP 
Output, 4,500 gallons per minute; head, 44$ ft. speed, 875 r.p.m. 


From these curves it is possible to estimate the performance 
of the pump under any condition of working at the speed for 
which it was designed. Characteristic curves of a single 
impeller low lift pump are shown in Fig. 162; in Fig. 163 are 
shown the characteristic curves of a multi-stage high lift pump. 
Both these sets of curves were taken from Worthington pumps,* 
and were supplied by the makers. The dotted vertical line 
on each diagram is drawn through the point of maximum 
* By courtesy of Messrs, Worthington-Simpson, Ltd. 
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efficiency ; from the points of intersection of this line with the 
other curves, the best conditions of running may be read off. 
133. The Least Diameter of Impeller. It is usual to make 
the outside diameter of an impeller to be twice the inner 
diameter. On this assumption, it is possible to obtain an 
expression for the minimum diameter of an impeller which 
will enable it to start pumping when running at its normal 
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(Worthington-Simpson, Ltd.) 
Fia. 163.—PERFORMANCE OF MULTI-STAGE HIGH-LIFT PUMP 
Output, 900 gallons per minute, against a head of 430 ft.; speed, 1,450 r.p.m. 


speed. The solution is based on the result of Art. 127 which 
showed that, for the pump to start pumping, the centrifugal 
head must equal the actual lift. . 


From the equation of Art. 127, 


2 2 
Net nalolitt— en pee 
2g 2g 
As v = or and v = Ofri 
2 
h= (fi) 


2g 
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Let d, = outer diameter of impeller 


d = inner diameter of impeller 


r w? 
Then, n = B7 (d3? - d?) 
But Gh = 20 
3w"d,? 
Hence h = “32g 
; 18: LS 
From which, d, = A Vh ft. 
pat ae Qrn where n = no. of revs. 
= C60 per min. 
Hence, C= ae ark Vh 
Qrn 
177Vh 
= vh ft 
n 
2120Vh . 
= ————— in. 
n 


Assuming a manometric efficiency of -75, the actual lift A 
will equal -75 of the theoretical lift H. 


1840 VH 
Then, Ie ee in. 


This equation is used in practice for the design of impellers ; 
the outside diameter should be at least this amount, otherwise 
the impeller will be unable to start pumping at its normal 
speed. 

134. The Design of a Turbine Pump. The following is a 
rough outline of the design of the piping, impeller, and diffuser 
of a turbine pump, and is based on the matter already dealt 
with in this chapter. It is assumed that the required dis- 
charge, actual lift and speed are given. The actual lift should 
not be more than 140 ft. for one impeller, if more than this 
amount a multi-stage pump should be used consisting of two 
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or more identical impellers in series. The speed should be 
between 1,000 and 2,000 revs. per min. 


Let Q = required discharge in gals. per min. 
= actual lift in feet per impeller, neglecting pipe 
losses. 


The remaining notation will be the same as given in Art. 113. 

First find the specific speed from the equation of Art. 130 ; 
if this does not lie below 8,000, more impellers must be used. 

Tue Suction Prien. Let v, = velocity in suction pipe in 
ft. per sec. In practice this velocity varies between 5 and 15 ft. 
per sec., assume an average value of 10 ft. per sec. for v,. 


Then, area of suction pipe = sq. ft. 


6-24 X 60 x v, 


From this the diameter may be obtained. Use the nearest 
whole number to this from a list of British Standard Pipes. 

Tue DELIVERY Piez. Let va = velocity in delivery pipe 
in ft. per sec. In practice this varies between the same limits 
as the suction pipe ; hence, assume an average value of about 
10 ft. per sec. 


ARE sq. ft 
6-24 x 60 X va T 

Hence, find the nearest standard pipe to suit. 

Tne [MPELLER. Assume the outside diameter to be twice 
inside diameter. Calculate the outside diameter d, from the 
equation given in Art. 133. 

Assuming a manometric efficiency of -75, the theoretical lift 


Then, area of delivery pipe = 


h 
Heg 
Then, ee 1840 VH in. 
n 
d, . 
and iG, in 


Hence, v and v, may now be calculated, as v = w X radius. 

In practice, the blade angles 6 and ¢ vary between 12° and 
30°. Choose values for 0 and ¢ between these limits, these 
may require altering later if the velocities obtained from them 
do not suit. 

As 0 and v are now known, the inlet diagram may be drawn 


es Pe ere eee d 
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on the assumption that the water enters radially (Art. 126). 
Also, from the equation of Art. 126, 


y Vov 
Dog 


hence Vo is obtained.* 
As ¢, v, and Vo, are now known, the outlet diagram can be 


drawn (Art. 126). All velocities in the impeller can be obtained 
from the inlet and outlet triangles. 


PATH OF WATER 
Fic. 164 


To find the width of the impeller at inlet use the equation— 
OE 
ead x 60 TNs 
To find the width at outlet use the equation— 
QE Yy 
624 x T MMs 
If these widths b and b, are not suitable for practical pur- 
poses, the assumed angles 0 and ¢ must be altered; this can 
only be done by trial. Another check to prove whether the 


* An alternative method is to assume the velocity of flow to be constant 
throughout the impeller and equal to about 10 ft. per sec. Then 0 and 
can be obtained from the velocity diagrams at inlet and outlet. 


E Pip 
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angles 6 and ¢ are suitable is to plot the absolute velocity of 
the water as it passes through the pump, as shown in Fig. 164. 
The base of this graph represents the centre line path of the 
water through the pump as a measured distance. The vertical 
ordinate represents the absolute velocity of the water. The 
absolute velocities v, and v4 are known ; the absolute velocities 
V and V, can be obtained from the velocity triangles; the 
lengths of the path of the water at various points in the 
pump may be estimated from an existing pump of a similar 
design. 

v, is plotted at the point where the suction pipe is attached 
to the pump casing. 

V is plotted at the beginning of the blade. 

V, is plotted at the tip of the blade. 

vq is plotted at the point where the delivery pipe is attached 
to the casing. 

In a well-designed pump, the absolute velocity of the water 
should increase smoothly from the suction pipe to the outlet 
of the impeller blade; it should then fall smoothly in the 
diffuser until the delivery pipe is reached, as shown in Fig. 164. 
Any abrupt change in the absolute velocity will cause a loss 
of head and should be avoided. If, after plotting these 
velocities, a suitable curve is not obtained, the assumed values 
of 6 and ¢ must be altered. 

The number of blades in the impeller vary with the size; 
six would be sufficient for a small pump and twelve for a 
large pump. 

Tue Dirruser. The diffuser should have about the same 
number of blades as the impeller, and as these blades are at 
rest, the relative velocity of the water to the blade will be the 
_ absolute velocity of the water. Hence, in order that the water 
will glide over the diffuser blade without shock, the blade at 
inlet of diffuser must be parallel to the absolute velocity V, 
of the water leaving the impeller; that is, to the angle £ 
(Fig. 159). The water will glide over the diffuser blade, and 
as the area of flow becomes larger with the increased radius 
of the diffuser, the velocity will become smaller. The water 
will flow from the diffuser blade into the whirlpool chamber in 
a direction parallel to the diffuser blade at outlet, and as the 
flow of the water in the whirlpool chamber is circumferential 
it follows, therefore, that the diffuser blade angle at outlet 
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should be as small as possible, which is about 10° to 15°. 
Hence, assume an angle of 10° for the diffuser blade an outlet. 

After leaving the diffuser blade the water will pass through 
the whirlpool chamber into the discharge pipe. The object 
of the whirlpool chamber is to collect the water from the 
diffuser blades and to provide a passage to the discharge pipe ; 
hence, it is spiral in shape owing to its cross-sectional area 
increasing uniformly up to the discharge pipe diameter; this 
allows for the increasing volume of water flowing through it. 


—16"" ik 


L Vd +2 Si 


Fic. 165 


The full reduction of velocity from V, to va takes place in the 
diffuser, but as there is an unavoidable loss of about 2 ft. 
per sec. in the whirlpool chamber, the water should leave the 
diffuser blade with a circumferential velocity of va + 2. Then 
the outlet velocity triangle for the diffuser blade will be as 
shown in Fig. 165; it is a 10° right-angled triangle with a 
base of va + 2. The hypotenuse represents the actual velocity 
when leaving the blade, the radial component of this will be 
the velocity of the flow Vs, which is lost in shock in the whirl- 
pool chamber. 


Let 6, = breadth of diffuser at outlet, in feet. 
d, = diameter of diffuser at outlet, in feet. 
Then, Q = mdb; Vf, 

From this equation b, can be found if d, is first assumed, 
as Vj is already known. 

As a first attempt, assume d, to be 6in. greater than d, ; 
if this does not give a suitable value for b, another value for 
d, must be chosen. 

A view of a single impeller Worthington-Simpson pump* is 
shown in Fig. 166. 

135. The Multi-stage Pump. A single impeller will produce 
a head of not more than 140 ft. ; if a larger head than this is 


* By courtesy of Messrs. Worthington-Simpson, Ltd. 
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required other impellers are fitted in series, so that the discharge 
from the first impeller is guided into the inlet of the second 
impeller. This is repeated with the third impeller, and so on, 
until the required head is reached ; each impeller will increase 
the water pressure by the same amount. A pump of this 
type is called a multi-stage pump, and may be a two-stage, 
three-stage, etc., according to the number of impellers fitted 
in the casing. A view of a four-stage pump* is shown in 
Fig. 167. 

All the impellers are keyed to the same shaft, and usually, 
all impellers and diffusers of one pump are identical ; this has 
the advantage of reducing the labour in manufacture. The 
discharge from each diffuser is either circumferential or radial, 
this is collected by vanes attached to the casing which deflect 
the water into the eye of the next impeller. The last diffuser 
will discharge into the delivery pipe. 

The design of an impeller and diffuser of a multi-stage pump 
is the same as for a single stage pump (Art. 134), the head 
used for design being the head per impeller. 


EXAMPLES 1l. 


(1) A centrifugal pump is required to deliver 6,300 gallons of water per 
minute, against a head of 20 ft., at a speed of 600 revs. per min. Assuming 
that all the velocity head is lost, and that the actual head is 75 per cent of 
the theoretical head, find the diameter and breadth of the impeller at outlet. 
The velocity of flow, taken as constant, is 10 ft. per sec., and the blades are 
curved back 30° to the tangent at outlet. Also determine the inlet blade 
angles, if the inlet diameter is made half the outlet diameter. (London 
Univ. 

Ans.—d = 1°25 ft.; 6 = 615in:; @ = 27°. 


(2) A centrifugal pump is employed to pump water from a river into a 
canal. The pump is fixed with its centre at a height of 20 ft. above the level 
of the surface of the water in the river, and the mouth of the delivery pipe is 
30 ft. above the level of the surface of the water in the river. The velocity 
of flow through the delivery pipe is 5ft. per sec. If the angle made by the 
tangent to the blade with the tangent to the wheel at the discharge edge is 
125°, and if the radial velocity of flow through the wheel is 5 ft. per sec., 
determine (1) the pressure head at the inlet circumference of the wheel, and 
(2) the pressure at the outlet circumference of the wheel. (London Univ.) 


Ans.—(1) 13°61 ft. of water (abs.); (2) 30°39 ft. of water (abs.) 


(3) A centrifugal pump is placed with the centre of the impeller at a height 
of 12 ft. above the water in the suction well. The suction pipe is 5 in, in 
diameter, and the discharge is 350 gallons per min. The total head through 
which the water is lifted is 75 ft. The vanes of the impeller at exit are set 
back and make an angle of 150° with the tangent to the wheel. The radial 
velocity at exit from the wheel is 10 ft. per sec., and the efficiency of the 
pump is 70 per cent. Determine (a) the velocity of the rim of the wheel ; 


* By courtesy of Messrs. Worthington-Simpson, Ltd. 
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(b) the pressures at the inlet and outlet of the wheel, on the assumption that 
the whole loss of head takes place after the water leaves the wheel. (London 
Univ.) 

Ans.—(a) 68:86 ft. per sec. ; (b) 21:27 and 86:3 ft. of water (abs.). 


(4) A centrifugal pump having a wheel 1 ft. outside diameter rotates at 
1,009 revs. per min. The vanes are radial at exit and are 3in. wide. The 
velocity of radial flow through the wheel is 10 ft. per sec. The velocities in 
the suction and delivery pipes are 8 and 5 ft. per sec. respectively. Neglecting 
frictional losses, determine (l) the height through which the pump lifts; 
(2) the horse-power of the pump. (London Univ.) 


Ans.—(1) 84:61 ft.; (2) 75-6 h.p 


(5) A centrifugal pump wheel is 20 in. external and 10 in. internal diameter. 
It runs at 950 revs. per min. The vanes are set back at an angle of 35° to 
the outer rim. If the radial velocity of the water through the wheel be 
maintained constant 6 ft. per sec., find the angle of the vanes at inlet, the 
velocity and direction of the water at outlet, and the work done by the wheel 
per pound of water. (London Univ.) 


Ans.—84°; 74:4 ft. per sec.; 44°; 191 ft. lb. 


(6) A centrifugal pump of 4 ft. diameter runs at 200 revs. per min., and 
pumps 66:5 cu. ft. per sec., the average lift being 20ft. The angle which 
the vanes make at exit with the tangent to the impeller is 26°, and the radial 
‘velocity of flow is 8 ft. per sec. Determine the useful horse-power and the 
efficiency. Find also the lowest speed to start pumping against a head of 
20 ft., the inner diameter of the impeller being 2 ft. (London Univ.) 


Ans.—15l1h.p.; 60°6 per cent; 198 revs. per min. 


(7) Give a short account of the various methods which have been adopted 
to increase the efficiency of a centrifugal pump by altering the shape of the 
casing or chamber surrounding the impeller. (London Univ.) 


(8) A centrifugal pump running at 390 revs. per min. discharges 4 cusecs. 
The impeller is 10 in. diameter at inlet and 21 in. at outlet ; the inlet width 
is 5in., and the outlet width 34in. Neglecting friction losses and the thick- 
ness of the vanes, what is the head pumped against if the vanes at outlet are 
curved back to give a discharge angle of 28°? (A.M.I. Civil E.) 


Ans.—34°4 ft. 


(9) A centrifugal pump has an impeller 4 ft. in diameter, whose peripheral 
speed is 30ft. per sec. Water enters the eye of the pump radially and is 
discharged with a velocity whose radial component is 5ft. per sec. The 
vanes are curved backward at exit and make an angle of 30° with the peri- 
- phery. If the pump discharges 120 cu. ft. per min. what will be the turning 
moment on the shaft? (A.M. Inst. C.E ) 

Ans.—166 |b. ft. 


(10) The impeller of a centrifugal pump has an external diameter of 12 in. 
and an internal diameter of 6in. If full of water, with the discharge pipe 
closed, what would be the difference of pressures at the outer and inner 
periphery, corresponding to a speed of 300 revs. permin ? (A. M. Inst. C. E.) 


Ans.—2:87 ft. of water. 


(11) A propeller pump 9 in. diameter was found to be most efficient when 
delivering 2-8 cusecs. at 1,200 r.p.m. against a head of 18 ft. of water. A 
similar pump is required to deliver 50 cusecs. at 700 r.p.m. Calculate the pump 
diameter and the head it will develop. (London Univ.) 

Ans.—d = 28-2 in.; H = 59-6 ft. 


CHAPTER XII 
VISCOUS RESISTANCE OF FLUIDS 


136. Viscous Flow. A fluid flowing steadily in a channel with 
smooth sides will have a velocity which varies over the cross- 
section of the channel. The layers of fluid adjoining the sides 
will be at rest ; the layers adjacent to these will have a small 
velocity ; there will then be a gradual increase in the velocity 
of the layers of fluid as the centre of the cross-section is 
approached. It follows from this that any two adjacent 
layers will be moving at different velocities, and there will be 
a resistance to flow between them. This resistance between 
two adjacent layers is known as viscosity. 

The viscous resistance of a fluid is analogous to the shear 
resistance of a solid and is probably due to molecular attraction 
acting on planes inclined to the direction of flow. The fric- | 
tional resistance of a fluid in a rough pipe is actually due to 
viscosity, as the rough sides of the pipe will cause cross- 
currents or eddies, the energy of which are ultimately destroyed 
by viscous resistance. The resistance of ships or other bodies 
moving in a fluid is due to viscosity ; the movement of the 
body in the fluid sets up eddies and waves which are ultimately 
destroyed by viscosity. 

The viscous resistance of a fluid will depend on its coefficient 
of viscosity, on the temperature, its density, its velocity, and 
on the size of the channel; an equation may be obtained 
which is applicable to all fluids, whether liquids or gases, 
which will hold for velocities below and above the critical 
velocity, and which is suitable for channels of all sizes, from 
small capillary tubes to large pipes. A viscous resistance is 
independent of the material of which the pipe is made. 

137. Coefficient of Viscosity. The phenomenon of viscosity 
was first investigated by Sir Isaac Newton. Let Fig. 168 
represent the section of a channel or pipe through which a 
fluid is flowing. Consider a longitudinal layer of fluid a 
distance of y from the side of channel and let the thickness of 
this layer be dy. Let the velocity of the layer at distance y- 
from the side be v and let the velocity increase by dv over the 
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layer. Consider a section abcd of the layer when the fluid 
is at rest ; then, when the fluid is flowing, the section abcd 
will distort to the shape aefd in one second. An enlarged 
view of the distorted section is shown in the figure. The 
resistance of the layer to this distortion is known as a viscous 
resistance, and will cause a stress, known as a viscous stress, 
to act on the layer. If the fluid in the whole channel section 
is considered to consist of similar layers, it follows that the 


Fie. 168 


velocity over the section will increase from the sides to the 
centre. 


Let ¢ = angle of distortion due to viscosity 


f 


viscous stress 


resistance per unit area 
u= coefficient of viscosity of fluid. 


The coefficient of viscosity * of a fluid is defined as the relation 
between the viscous stress and the angle of distortion. 


Or, u= A 
: dv 
But, from Fig. 168, ¢= aa 
Hence, u= 7 ae) 
dy 
: dv 
From which, = May ` ; i . (2) 


* For experimental methods of measuring the coefficient of viscosity, see 
Art. 235. For some values of u see Appendix II, 
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It is interesting to notice the analogy between this viscous 
distortion of a fluid and the shear distortion of a solid. Con- 
sider the solid abcd (Fig. 169) under a shear stress q ; the solid 
will distort to the shape aefd, ¢ 
being the angle of shear distortion. 
lf Cc is the shear modulus or modulus 
of rigidity, 


Q 


then = = 


a 


This is analogous to wu =£, the 


Fre. 169 


coefficient of viscosity u correspond- 
ing to the modulus of rigidity C, and the viscous stress 
corresponding to the shear stress g. 

If M, L, and T represent the fundamental dimensional units 
of mass, space, and time, the units of u may be found by 
substituting these in Equation (1). 


dv 
u= T — e 
dy 

force _ velocity 

~ area ` distance 


mass X acceleration _ velocity 


area ~ distance 
MALNO 
=(x 8) = (i) 
M 
TL 


138. Effect of Temperature on Viscosity. Poiseuille inves- 
tigated the viscous resistance of water flowing through 
capillary tubes* and found that the resistance to flow varied 
inversely with the temperature. This is, of course, well 
known in the case of oils, which flow more easily when warm. 


Let u = coefficient of viscosity at any temperature i in 
degrees centigrade. 


My = coefficient of viscosity at 0° C. 
* Comptes Rendus, 1840-41. 
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Then, from Poiseuille’s experiments, 
l 
u= m| r 


For water, Poiscuille found that 


) where a and b are constants. 


l \ 
== Lo (; + -03368¢ + TO) 


ee 6.6.8. absol its* 
Ea 03500 000aa Ifa eo eens 
a -0179 30:5 Nan À 
= I F -033681 + -000221 * 453-6 x 32-2 °" ee cece 
-00003716 i 
ft. lb. engineer’s units . (1) 


™ (1 + -03368¢ + -000221:?) 
The relation between the coefficient of viscosity and the 
density is known as the kinematic viscosity. 
Let y = kinematic viscosity 
density of fluid (absolute units) 


P = 
w A é 
at (engineer’s units) 
Then — 
p 
Substituting for u from Equation (1), for water, 
-00003716 32:2 
™=\1 4 -03368! + 000221) * 62-4 
-00001926 


o o ht eo naan) 
It will be noticed that the units of the kinematic viscosity 


L? 
v are -y ; for, y =U p 
_M MM 
eer 
L? 
a 


* This absolute unit is known as a “poise.” A smaller unit, known as a 


centipoise, is also used; a centipoise is qy of a poise. 


+ This unit is known as a “Stokes” when in-cm. 
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139. Streamline and Turbulent Flow. The experiments of 
Professor Osborne Reynolds on streamline and turbulent flow 
of fluids have been described in Art. 68. Reynolds found 
that 


_ 2000 wu 
Ce dp 
_ 2000» 
etd 
where v, = lower critical velocity 
and d = diameter of pipe. 
This may be written 
d 
sf 200) 
v 


and applies to any fluid and to any system of units. 


d 
The quantity 5 is called the Reynolds number and is repre- 


sented by the symbol R.; it is very important when dealing 
with problems on the viscous resistance of fluids. 

Exhaustive experiments on the flow of fluids in pipes were 
carried out by Stanton and Pannel.* Their results were 
plotted with log. = as base and = as ordinate, where R 
is the viscous resistance per square foot of wetted surface. 
The curve obtained is shown in Fig. 170. The portion AB 
of the curve represents their experimental results on streamline 
flow, the point B being the lower critical velocity. The 
portion BC represents the results for the state of change 
from streamline flow to turbulent flow, the point C being the 
higher critical velocity. The portion CD of the curve repre- 
sents their experimental results on turbulent flow. 

At the lower critical velocity, point B, it was found from the 
curve that 


d 
0 = 2000 
LA 


* Phil. Trans., Vol. 214. 
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At the higher critical velocity, point C, it was found that 


vd 
— = 2500 
Y 


Hence it follows, that for any fluid in motion, if the quantity 
vd , 5 ; ; a U0 
7 less than 2,000 the flow is streamline ; if the quantity = 


is greater than 2,500 the flow is turbulent. Between these 
two values the fluid would be in a state of transition from one 
type of flow to the other. These values hold for all fluids, 
at all velocities and temperatures. 

Stanton and Pannell also plotted on their curve the results 
of former experimenters on pipe flow and found that these 
results approximated to their own curve. The complete 
results plotted by Stanton and Pannell included experiments 
on the flow of water, air, and oil, through pipes varying in 
diameter from small capillary tubes to large water supply. 
pipes of 5ft. diameter. It was found that, excepting for a 
slight deviation due to the roughness of the inside of the large 
pipes, they all followed the curve of Fig. 170.* 


EXAMPLE. 


The density of a fluid A is 0-8, and its coefficient of viscosity is -01 in 
C.G.S. units. The density of a second fluid B is 0-6 and its coefficient of 
viscosity is -005. Which will have the lower critical velocity under given 
conditions of flow ? What will be the ratio of the critical velocities ? (London 
Univ.) 


FLUID A. 


For critical velocity, 


vA L 9900 
y 
-0125 x 2000 
Hence, Tee a Reet rs 


25 
= 7 om. per sec. 


* For latest research on pipe flow, see results of Nikuradse, Prandtl, and 
Von Karman, Arts. 237 and 238, 
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FLUID B. 
-005 


eat oat — -00833 
p 6 
Then, Th = A LAA 
; d 
-00833 x 2000 
a d 
e 16-66 
Wed 
Hence, fluid B has the lower critical velocity. 
2 en: ah 25 16:66 
Ratio of critical velocities = — — ——— 
d d 
=R 


140. Viscous Flow through Round 
Pipes. An equation for the viscous 
resistance in a round pipe may be 
obtained by equating the force on the 
fluid, due to the drop in pressure, to 
the viscous resistance. Consider a 
fluid to be fiowing along a pipe, the 
cross-section of which is shown in Fig. 
171, and consider a cylinder of fluid 
of radius y and of unit length. Fie. 171 


Let r = radius of pipe 
v = velocity of fluid 
t = slope of hydraulic gradient 
= head lost in resistance per unit length of pipe 
p = pressure drop per unit length 


Viscous resistance of cylinder } = surface area X viscous 


of radius y and unit length stress 
= D KI 
dv 


by substituting for f from Equation (2), Art. 137. It should 


d , ; 
be noted that a will be negative as y is now measured outwards 
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from the centre. In Art. 137 y was measured inwards from 
the sides. 


Difference of total pressure/ _ __2 
on ends of cylinder pe ees 
= ry pgi ; : 2) 
where p = wt. per cub. ft. x loss 
of head per unit length 
=pgXt 
as p= 5 in engineer’s units 


As the viscous resistance of 
cylinder must equal the net force 
on the ends of the cylinder, Equa- 
tion (1) will equal Equation (2). 


dv Reid 
Fia. 172 Honce f 2P yu Ti = oe pgi 
Lyd 
From which, dv = - pgryey 
2u 
S ; 
Integrating, v =- ore +c, . k 5 . (8) 


where c, is the constant of integration. 
When y = r, v = 0, as the fluid is stationary at the sides, 


pgir 
hence, 0=- ii Cy 
; 2 
From which, c= Coe 
4u 
Let v, = velocity at radius y 
Then, from Equation (3), v, = im (r? — y?)* : . (4) 


Next consider a hollow cylinder of the fluid of radius y and 
thickness dy (Fig. 172). Let Q be the total quantity flowing 
through the pipe per second. 


* It will be noticed from this equation that maximum velocity occurs 
pgir? 
4u ` 


when y = 0; then maximum velocity = 
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_ Then, quantity flowing 


through hollow cylinder = dQ = area X velocity 


= 2nrydy X v, 
PIV ap 
Ja (ee) 

from Equation (4) 


= 2m7ydy 


Integrating between y = r and y = 0 
: Da {* 
Q = ft [0y-v ay 
JO 


2u 
= zeip a 
2u 2 4 |, 
mpgurt 
=e BR 
Let v= mean velocity of flow in pipe 
S Q 
~ area of cross-section 
we T a ri ea 
pgir 
a Tay 
tour 
=i (5) 
as y = (Art. 138) 


a 
For a pipe flowing full, the hydraulic mean depth m is P 
hence, substituting in Equation (5), and calling the diameter 
of pipe d, 
be RSi 
Mig = P7 


Dividing both sides by v’, 


This may be written, 
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where C and n are constants, their values depending on whether 
the flow is stream line or turbulent. 
Let R = viscous resistance per unit area of wetted surface. 
Then, as resistance at sides is equal to net force on fluid, 
Inr A REN X TIA 


= ipg X nr? (as p = ipg) 


Hence = eig g 
Putting m = 5 and dividing both sides by v? 
R mig 
p P . . . . . (7) 


Combining Equations (6) and (7), 
a NA eraser 
ov v 


D o 


(8) 
which is the complete form of the equation for the flow of 
fluids in pipes. 

If the term = is less than 2,000, the flow will be streamline* 
and will belong to the portion AB of the curve in Fig. 170; by 

‘ R vd : : 

plotting log ae: and log a of this portion of the curve the 
values of the constants C and n for streamline flow may be 
obtained. l 


If the term = is more than 2,500, the flow will be turbulent 
and will be represented by the portion CD of the curve of 


R 
Fig. 170. Then, by plotting log T and log = for this 


portion of the curve the values of the constants C and n for 
turbulent flow are obtained. 
For streamline flow, 


vd . 
7 is less than 2000 


CER 
n=-1 


* Also termed viscous or laminar flow. 
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For turbulent flow, 
d 
= is greater than 2500 


C = «032 
n = — +23 


In all problems on pipe flow the value of Z must first be 


worked out; then, if less than 2,000, use the values C = 8 
and n = - l, and solve from Equation (6). If the value of 


va , 
> i8 more than 2,500, use the values C = -032 and n = - -23, 


and solve from Equation (6). 
It is interesting to notice that Equation (6) is another form 
of the well-known Chezy formula (Art. 67). By substituting 


: : d A ; 
in Equation (6), m = - and i = — the equation becomes— 


4 l 
4flv? 
ghar 2gd 
; vd\" 
where the coefficient f= 20 (5 
i = 2CK” ; (9) 


It follows from this that the Darcy coefficient f is noe a lean 
- constant, but varies with #,; it is a function of the velocity, 
the diameter, the density, and the temperature. 

The viscosity formula of Equation (6) is an alternative 
method for calculating the flow of fluids in pipes and gives the 
same results as the Chezy formula if the value of Darcy’s 
coefficient f is calculated from Equation (9). 

Using Equation (9), and inserting the above values of C and n, 


Darcy’s i= = for laminar flow 


-064 
=R” 
These values of f can now be substituted in the Chery 
formula 


for turbulent flow 


This method is often more convenient than Equation (6), 
because it gives the head lost in terms of the velocity head. 


12—(T.5167) 
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EXAMPLE 1. 

Water flows along a pipe of din. diameter and 100 ft. long; the pipe is 
running full. Find the loss of head when: (a) the temperature is 5° C. and 
the velocity is 1 ft. per sec. (b) the temperature is 70° C. and the velocity is 
10 ft. per sec. 


(a) From Equation (2), Art. 138, 
é -00001926 
= 1+ (03368 x 5) + (000221 x 25) 


= 0000164 


v 


Next find the value of the term = : 


vd l 


a ooa ae 


As this is less than 2,000, flow is stream line, hence n = - 1 
and: OSS: 


Applying Equation (6), 


mig vd\-} A 
z= 8| — = 8(1270) 1 = -0063 
v y 
y2 
from which, i= I. x -+0063 
49 
1 x -0063 x 4 
= en se e086 te 
Daaa 0376 ft 
But, PON 
= -0376 X 100 = 3-76 ft. of water. 
(b) p «200001926 
~ 1 + (03368 x 70) + (000221 x 4900) 
= :00000435 
vd 10 
Th gee ot ee SE eee teh 
pe y ~ 700000435 x 4.x 12 ~ 48000 
As this is more than 2,500, flow is turbulent, hence n = - -23 


and C = -032. 
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Using Equation (6), 


mig 
=~ = -032(48,000) - 23 
v 
= -00272 
. 2 
From which, i= Ou 
rate 


-00272 X 100 x 4 
oie] eee 2-2 
= 1-62 
- But, Weel 
ie oy x 100 
= 162 ft. of water. 


EXAMPLE 2. 

Oil at a temperature of 60° F. has a weight of 57-2lb. per cu. ft. and a 
kinematic viscosity of -0205 ft. sec. units. Find the horse-power required 
to pump 20 tons of this oil per hour along a pipe line 6 in. diameter and 
1,000 ft. long. 

weight per sec. 
weight per cu. ft. 


20 X 2240 


Quantity per sec. = 


= aG00 -218 cu. ft. 
"218 
pe ae = = 1-11 ft per sec: 
area m 
mE 
va TE 
Then, z — o0 = 27l 
As this is less than 2,000, flow is stream line, hence n = — 1 
and ce = 8. 
Using Equation (6), 
mig 
a = 8(27:1)7 
= 296 
i _ +296 x (1-11)? x 4 
From which, i Tx 322 


346 HYDRAULICS 


But, h,=t xl 
= :0907 x 1000 
= 90-7 ft. of oil 
why 
Then, horse-power required = 550 
20 X 2240 90-7 
ERa 550) 
= 2°05 


141. Viscous Flow between Flat Surfaces. The viscous 
flow of a fluid between parallel surfaces may be dealt with 
in a manner similar to the previous article. This type of 


Fie. 173 


flow occurs when leakage takes place between two surfaces — 
such as between the piston and the cylinder walls. 

Consider two parallel surfaces at a distance of t apart through 
which a fluid is flowing; let b be the breadth of the surfaces 
and consider unit length. Fig. 173 represent a cross-sectional 
view of the plates, perpendicular to the direction of flow. 
Consider a central layer of the fluid of thickness 2y; that is, 
its boundaries are y from the centre. Then, the longitudinal 
viscous resistance of the layer will equal the longitudinal force 
on the ends due to the pressure drop. 


Viscous resistance of een gipeaae cee T 
layer per unit length 


dv 
AOp 2b 


T i : d 
This will be negative, as y in the term T was measured from 
the sides (Art. 137). Y 


Longitudinal force on | 


layer per unit length) — cross-sectional area X pressure drop 


= 2by X pgt 
as pressure drop = pg h, and h = 7 for unit length. 
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Hence, equating these two equations, 
oy age 
4 dy YPY 


From which, Ape ee dy 


Integrating ees a y dy 


Fic. 174 
When y = : v = 0, as there is no motion at the sides. 
Putting this limiting condition in Equation (1), 
SENLLE 
; pgit? 
From which, Cs 
Su 
Substituting this value in Equation (1), 
LOE a 
L € y a ae en) 


where v, is the velocity at any distance y. 
The maximum velocity in the whole cross-section is when 
y=0. Then, from Equation (2), 


pgit 
= “8u ° ° . . (3) 
Next consider a thin layer of the fluid at y from the centre 
and thickness dy (Fig. 174); let dQ be the quantity flowing 
through layer per second. Then, 
a) = bdy x D 


maximum velocity 
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Integrating for total quantity between the surfaces, 


BEE CUES IS aes mee eee | 
b j t3 
S BY 
12u 
pgit 
= . . . 4 
12u ; (4) 


It will be noticed by comparing Equations (3) and (4) that 
the mean velocity is two-thirds of the maximum velocity. 


t : 
By substituting the values m = 5 and » = Equation (4) 
becomes— 5 


vi\* . mig 
6(**) ee : , : . (5) 
which is a similar form to Equation (6), Art. 140, which was 
deduced from a round pipe. 


Let R = viscous resistance per sq. ft. of wetted surface. 
Then, viscous resistance per unit length 


= (area of cross-section) X pressure drop per unit length 


Or, eC 2b ==" aU 
t 
from which, R= pgixs (as p = pgt) 
=pgim 


Dividing throughout by v’, 
R mig 
e rte oe? ee 
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Combining Equations (5) and (6), 


R } t\” 
poe a ee ( 


where C and n are constants depending on the type of flow 
and which are determined from experimental results. It will 
be noticed from Equation (5) that for viscous flow, C = 6 
and n = —1 

-It will also be noticed that Equation (5) reduces to the same 
form as the Chezy formula, v = O Vmi, for the flow in open 
channels (Art. 79), if the Chezy constant C is written 


ae 


mt [i - J 


Hence, the Chezy constant C varies with R,, 
then, C=kvVR, 


EXAMPLE. 


The radial clearance between a hydraulic plunger and the cylinder walls 
is 004 in.; the length of the plunger is 12 in. and the diameter 4in. Find 
the velocity of leakage and the rate of leakage past the plunger at an instant 
when the difference of pressure between the two ends of the plunger is 30 ft. 
of water. The temperature of the water is 10° C. 


The flow through the clearance area will be the same as the ` 
flow between two parallel surfaces. 
Assuming the whole of the pressure head is lost, 


VOR A 
epee fis 
From Equation (2), Art. 138, 
-0000192 
” = I (03368 x 10) + (-0002221 x 100) 
-0000192 
From Equation (4), 
gut 


mean velocity = v 


32-2 X 30 x -004? 
~ 12 x -0000141 x 144 
= °634 ft. per sec,’ 
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Rate of flow = Q = v X area of annular ring 
== at Dit 


Poy 4 -004 
= oS a OX T2 x TD, 
= -000221 cu. ft. per sec. 


1414. Viscous Flow Through Annular Space. The viscous 
flow of a fluid through the annular space between an inner 
and outer tube can be found in the same manner as in Arts. 
140 and 141. Consider the annular space formed by the two 
tubes of Fig. 174A. 


Let R = radius of outer surface 
r = radius of inner surface 
q = viscous stress at inner surface per unit area 


Consider a hollow cylinder of fluid of external radius y, 
internal radius 7, and of unit length. 


Let f= viscous stress at radius y 


Then, viscous resistance of 


; : = wetted area x stress 
section considered 


= 2nyf + Qarg 
rope als 
= — 27 = TY 
YH Ty q 


Pressure drop on unit length = pgi (Art. 140) 


Longitudinal force on sec- | _ / cross-sectional x | pressure 
tion considered area drop 


=m (Y 9?) X pgs 
Equating these equations, 


dv : 
— 2ryu A + 2arq = m(y? TA) pgi 
BE SNE m2 
en dy kena I aie pa) ay 
2uy 


= (22 eg% em )d 
uy 2u 2uy 
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Integrating, Dee a ee y- yp y? m "log, y+C (1) 


where C is the Aen of ae 


When y= Rh, v= 0 
rq pgiR? — pgir? 
hence, 0 = 7 log, R - a 4 Py logy Rh -=-C 


from which, 


Fira. 1744 Fie. 1748 
Substituting this value of C in Equation (1), 
Tlo 


aa pgi 


v= log. + Fle a E 


When y =r, v= 0, a 


eae pgir? AT A FE 
0 7 eae oe Son aaa (R £2) 


pgir pgi (BR — r?) 
i 


from which, q=- 5 
r log, R 


Substituting this value of q in Equation (2), 
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Equation (3) gives the variation of velocity between the 
radii r and R; differentiating for a maximum, 


dv RR? - 7? 
y log, PA. 
t 
R2 -— 2 
from which, y= = - . : : ED 
2 log, os 


By substituting this value of y in Equation (3), the value 
of the maximum velocity is obtained. 

The quantity of flow through the annular space can be found 
by considering a thin ring of radius y and thickness dy (Fig. 
1748); the velocity through this ring is given by Equation (3). 
Then, 


dQ = area of ring x velocity 


. log — 
ER 
= 2nydy x $ | (R? - y) - (R? = r) — 
log. } 
Integrating between r and R, 
R 
Y 
log. 5 
TR 
= Riy p (Reay dy 
i log. B 
pois Rig! ee Pg ieee al 
~ 8a í 2 4 ) 7 (4 veh) 
Oe R £ 
A pgin (BU (R?—r?) 7 R? Rp? r 4? (R27?) i r 
2u\4 saat 4 Oe nde a Fi \ee Rad 
eR 2 log, R 


= PIÒT pe _ 42) (BP + 7") ths (BR? — 7°) 
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Mean velocity = aa 
eS 
m (R2 — r?) 
= a be ee 2 z 
log, R 


It will be noticed that if r = 0, the problem becomes the 
same as the viscous flow through a round tube and Equation 
(5) reduces to the same form as Equation (5) of Art. 140. 

In the special case when r is nearly of the same value as R, 
the annular space is very thin, consequently, Equation (5) 
would have to be calculated to a very fine degree of accuracy 
in order to obtain a reasonable result. Obviously, if the thick- 
ness of the annular ring is very small compared with R, the 
problem is the same as the flow between two parallel surfaces 
(Art. 141) and a simpler and more accurate solution is obtained 
by this treatment; this method was applied to the plunger 
problem given in the worked-out example at the end of Art. 
141. 

142. Resistance of Oiled Bearings. A shaft revolving in an 

“oiled bearing will be separated from the bearing by a thin film 
of oil. The layer of this film adjacent to the bearing will be 
at rest, whilst the layer adjacent to the shaft will be revolving 
with the same velocity as the shaft. The resistance of the oil 
film will, therefore, be due to the viscosity of the oil. 


Let = thickness of oil film 
D = diam. of shaft 
n = speed of shaft in revs. per min. 
l = length of bearing. 
Then, from Art. 120, 
dv 
f= T 


where f is the resistance per unit area. In this case, as the 
oil film is very thin, dv will be the tangential velocity of the 
shaft and dy will be the average thickness of the oil film.* 


* Actually, the oil film will not be of uniform thickness. For the application 
of the principle of dimensional] similarity to this problem, see Art, 226. 
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Then, f=n 
aDn 
gany 
Tangential resistance on bearing = fr DI 
D 
resisting torque =fr DI x > 
_ pw Dln 
> A, 
Horse-power absorbed in viscosity 
__ torque in lb. ft. x 2an 
7 33,000 


EXAMPLE. 


Define the terms ‘“‘ coefficient of viscosity ’’ and ‘‘ kinematical viscosity.” 
A shaft 4in. diameter runs in a bearing of length 8in., the two surfaces 
being separated by a film of oil -001 in thick. If the coefficient of viscosity 
of the oil is 1-53 C.G.S. units, find the torque necessary to rotate the shaft 
at 30 revs. per min. against the viscous resistance of the oil. (London 
Univ.) 


u = 1-53 C.G.S. units 
30°5 2 
== oss) X 453-6 x 32-2 ft. lb. units 
"0032 ft. lb. units 
unm? Din 
120¢ 
0032. w= x (4)8 xX 4X30 
-001 


120 X -i7 


Í 


Viscous torque = 


lb. ft. 


= 2-34 lb. ft. 


143. Viscous Resistance of Collar Bearing. The viscous 
resistance of a collar bearing can be obtained by assuming the 
face of the collar to be separated from the bearing surface by 
a thin film of oil of uniform thickness. 

Two views of a collar bearing are shown in Fig. 175. Con- 
sider a thin ring of the bearing surface of radius x and thickness 
dx, and let v be the circumferential velocity at this radius. 
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Let œw = speed of shaft in radians per sec. 
f = viscous stress at radius x 
t = thickness of oil film 
R, and R, = external and internal radii of collar respectively. 


Using the equation for viscous stress [Equation (2), Art. 137], 


a 
Oil Film <" 


In this problem, dy = t and dv = v, as the oil film is very 
thin and the velocity changes from 0 to v within the thickness 
t. Hence, the equation may be written— 


Fig. 175 


Tangential viscous force = f X Inada 
on thin ring 


_ 2muwx’ dae 
Ai; t 
Moment of tangential | _ 2r wow da 
force on ring t 
If the whole bearing surface is assumed to consist of similar 
concentric rings, the integration of this equation will give the 
total torque required to overcome the viscous resistance of 
the bearing. 


356 HYDRAULICS 


2 R 
Then, total torque required = T = TKO | xda 


t Ra 


T 2ruo fee 
mii res 


TUW 


a 


Rt- Rè). CH) 
If T is in ft. lb. units, then, 
HP required to overcome! _ T X 27 (r.p.m.) 
viscous resistance 33,000 


If the bearing is of the footstep type, Equation (1) may be 
applied ; in this case R, is zero and R, is the radius of the shaft. 

In applying Equation (1), care should be taken to ensure 
that all dimensions are in ft. lb. units or C.G.S. units. 


EXAMPLE. 


The thrust of a shaft is taken by a collar bearing provided with a forced 
lubrication system which maintains a film of oil of uniform thickness between 
the surface of the collar and the surface of the bearing. The external and 
internal diameters of the collar are 6 and 4 in. respectively. If the thickness 
of the film of oil which separates the surfaces is 0-01 in., and the coefficient of 
viscosity is 0-91 poise, show that the horse-power lost in overcoming friction 
when the shaft rotates at 300 r.p.m. is 0-02 very nearly. (London Univ.) 


In this problem, L= ne (Art. 138) 
= 0019 ft. Ib. units. 
2m X 300 
S 
= 10v rads. per sec. 
tass ft. | 
R, and R, = +25 ft. and -167 ft. respectively. 
Substituting these values in Equation (1), 
ee x eo x 12 (-254 — -1674) 
== *35 Ib. ft. 


-35 X 2m X 300 
Th H.P. = 
en, absorbed 33,000 


= 0 
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_144. Time of Emptying Vessel by Viscous Flow through 
Pipe. In Art. 73 was shown the method of calculating the time 
taken to empty a vessel by means of a horizontal pipe, the 
flow being assumed turbulent. This problem will now be 
solved for a viscous discharge through the pipe. 

From Equation (8), Art. 140, the equation for viscous flow 
through a round pipe can be expressed in the form 

TE ees 
vV pd 


d w 
where aee 


Let p = drop in pressure over a length / 


then, h; = n 
w 
. hy P 
and NG E 
Substituting these values of m, p and 7 in the above equation, 
T E 
w4ly? wud 
32 uvl 
From which, D= A ; 5 ; Bok tab) 
p  32url 
or, hyran wd? ; 3 ; A a2) 


Let the cylindrical vessel of Fig. 176 contain a viscous liquid 
of height H, above the centre of the pipe, and let the vessel 
discharge through the horizontal pipe shown, the flow being 
viscous. 
Let A = area of surface of liquid in vessel 
a = area of pipe 
l = length of pipe 
Oa = coefficient of discharge at entrance to pipe 
It is required to find the time taken to lower the level of the 
liquid from H, to H,. The final velocity head of the liquid 
leaving the pipe can be neglected as small. 
Consider the instant when the surface of the liquid is at a 
height h above the centre of the pipe and let the surface fall 
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by -dh in the time dt; this represents a quantity dq flowing 
from the vessel. 
Then, g dq = - Adh = C avdt (3) 
From Equation (2), and assuming the head is utilized in 
overcoming the viscous resistance of the pipe, 


32uvl 
wd?h 
e EE 
32ul 


from which, 


Fig. 176 


Substituting this value of v in Equation (3), 
C ,awd*hdt 

- Adh = d 

; 324A uldh 

from which, dt = — Cawd?h 


Integrating between the limits H, and H}, 


a H, 
y _ 324ul | dh 
A EOE o 


0 H, 
32A ul Hs 
then, IAk a 
a 5 C awd? [ioga | H, 
32A ul Hy 
== C awd? Og. (z) . . . (4) 
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EXAMPLE. 
Prove that when a fluid of viscosity u flows through a tube of diameter d 


and mean velocity v, the drop in pressure per unit length of tube is 2al for 
laminar flow. d 

The viscosity of a liquid is determined by timing the discharge of 50 c.c. 
of the liquid from a vessel through a horizontal capillary tube. The vessel is 
an upright cylinder, open at the top, 5 cm. diameter, and the capillary tube 
is 1 mm. bore and 10 cm. long. The vessel is at first filled to a height of 5 cm. 
above the axis of the tube, and it is found that 50 c.c. are discharged in 20 
minutes. Find the viscosity of the liquid in poises, given that its density is 
0-88 grm./cm.? Neglect the end effects of the tube and the velocity head at 
discharge. (London Univ.) 


The first part of this question is given by Equation (1), and 
is proved in Art. 140. 


x 5? = 19-63 sq. cm. 


x (:1)? = -00785 sq. cm. 
d = -01 cm., l = 10 cm., w = +88 grm. per cub. 
cm., T = 20 x 60 sec. 
Q = 50 = (H, - H,) A 
= (5-H,) X 19-63 
From which, H = 373 cm. 


Substituting these values in Equation (4), 


32 X 19:634 X 10 | ( 5 ) 
1 X -00785 X -88 X (1)? “S° | 3-73 
1200 x -00785 x -88 x -01 

32 X 19:63 X 10 x +293 


= -0000451 x 981 poises 
= -0442 poises 


145. Principle of Dimensional Similarity. Lord Rayleigh has 
shown* that Reynolds’ results on the flow of water through 
pipes are only one particular case of a general principle 
applicable to all types of fluid resistance. This general prin- 
ciple is known as the principle of dimensional, or dynamical, 
similarity, and is obtained by balancing the fundamental units 


20 xX 60 = 


From which, p= 


* Scientific Papers, Vol. vi, Art. 392. For the application of the principle 
of dimensional similarity to other problems see Chapter XIX. 
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on each side of the equation. The following are the fundamental 
units for the quantities used— 


Mass = 

linear dimension = L 

time AR 

velocity == 

acceleration =e bes 

force = mass X acceleration = MLT-* 


u = MIAT (Art. 137) 
p = mass — volume = M L-3 
p=. [AT-) ~ (Art. 138) 


Case 1.—RESISTANCE DUE TO VISCOSITY ONLY. It is 
known that the viscous resistance of a fluid depends on the 
wetted area, the velocity, the density, and the coefficient of 
viscosity. Assuming the actual law of variation to be unknown, 
the equation for the resistance may be written 


R=kp wl. acl 
where a, b, c, and d are unknown indices, È is the total resist- 
ance, and kķ is a constant to be determined experimentally. 
Now the fundamental units for each side of this equation must 
balance ; hence, by putting the total resistance FR as a force, 


and by substituting the fundamental units for p, u, and v, the 
equation becomes 


MLT- = k( ML)" (MLI7T-1) LLT} 
That is, . MLT? = KML Were Tr 
Now, as the indices of M on each side of the equation are 
equal, 
l=a+b 
From which, a=l-b . : ; : : . (2) 
Also, as the indices of L on each side of the equation are 
equal, 
l1=-3a-b+c4+d .. on, ales TS) 
Also, as the indices of T' on each side of the equation are 
equal, 
-2=-b-d 
From which, =P "68 te : : ; . (4) 
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Substituting the values of Equations (2) and (4) in Equation 
(3), 
Ke babke (28) 
From which, C= a0 nO) 
Substituting the values of a, c, aad di in a (1) 
R = k phy L? y2- 


? 


=kp le (—F) a. (6) 
But is ad 
b 
hence, REPE (z) ; : : eh) 


It will be noticed that this is the same equation as that 
obtained by Froude (Art. 63) if the coefficient f’ is written as 
ONG 
lem 
It will also be noticed, from Equation (7), that true dynamical] 
similarity between two bodies can only be obtained when the 


y Tra 
term — is the same for both, as it is necessary that the unknown 
Lv y 


b 
term ( ZB) should cancel when comparing the two resistances. 


Equation (7) is usually written 
a a ee 
R= pIe (75) : : > : . (8) 


where ¢ means “a function of.” 

Case 2.—RESISTANCE DUE TO VISCOSITY AND GRAVITY. 
This is the case of ships moving in water against a viscous 
resistance and a wave resistance. The resistance to the 
formation of surface waves is a gravity resistance, as the wave 
gains in potential energy. Hence the combined resistance may 
be written 

Reet pu pL v d g° 
where k is a constant to be ves experimentally. 

Substituting in the above terms their fundamental units, 

the equation becomes 


MLT? = (MLF (MLATI LT- (LTY 
a ME M VE GY Wad Sod Nad 
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Equating the indices of M, 


l=a+ob 
From which, a= eo ; ; SA) 
Equating the indices of L, 
1=-3a-bic+d+e. : ; . (10) 


Equating the indices T, 
~2=-b-d-2e 
From which, d=2-b-2e : o EC) 
Substituting Equations (9) and (11) in (10), 
l=3+3b-b+c+2-b-2e+e 
=-l]+b+c-e 
From which, c=2-b+e 
Substituting the above values of a, d, and c in the original 
equation for R, 


R=k pr? pe [2-5 + e y2-b-2e g? 


r T ENN 
mae (st) (i 
which may be written, 
p- Jh 
R= pLv's(z A) ; : ; a el bre) 


where ¢ means “ a function of ” and where v = d 
p 


For true dynamical similarity between two bodies the term 


(3) 


must be equal in both cases, as the function represented by ¢ 
is unknown ; hence, it is necessary for the whole term to cancel 
when comparing the resistance of two similar bodies. 


L 
That is, must be equal for both bodies and a must be 
equal for both bodies. 5 
v 
The ratio Wir is the non-dimensional factor governing the 


gravity effect and is known as the Froude number. 
If the floating body is completely submerged in the fluid 
to a great depth, there will be no formation of gravity waves ; 
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in this case the resistance is due to viscosity and pressure 
waves. Such a case occurs with the resistance of submarines 
and. airships. 

146. Applications of Principle of Dynamical Similarity. The 
principle of dynamical similarity is used when testing models 
in order to predict the resistance of large bodies. Before 
building a new type of ship it is usual to make a model of the 
same proportions and measure its resistance experimentally. 
From the results obtained the resistance of the ship can be 
calculated. The model is propelled at a speed which will give 
true dynamical similarity ; this speed is known as the corre- 
sponding speed. 

(a) RESISTANCE DUE To VISCOSITY ONLY. This is the case 
for deeply submerged bodies such as submarines and airships 
and for the frictional resistance of surface ships. 

This type of resistance is given by Equation (8) (Art. 145). 


Let suffix m refer to model. Then, 
SG ENU pee 
hepa (5) for ship 


and HT (z) for model 


True dynamical similarity can only be obtained when 


(5) = (ra) 


in which case, these terms, which are of an unknown function, 


will cancel. 
If the model is tested in the same fluid as the ship, true 
dynamical similarity will be obtained when 


JED = d as v will then equal vm- 
L 
In which case, Oa Ye 


This is known as the corresponding speed, because if the model 
is tested at this speed the term ¢ (5 ) is the same for both 


ship and model and will cancel. Then 
R Ly? 


RAE Ue 


= 1 (by substituting for vm) 
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Thus, the resistance of the model would be the same as that 
of the ship. The corresponding speed in this case is too large 
for practical purposes, but by testing the model in a fluid having 
a kinematic viscosity much less than that of the ship’s fluid, a 
smaller corresponding speed may be obtained. In which case, 


y Von 
Lv baw. 
Vm 
hence, Ung SUSE ES ee. 
m 


This type of resistance also occurs in fluids flowing through 
pipes and channels ; it is possible to predict the resistance to 
flow in a channel by testing the flow in a similar channel at 
the corresponding speed. In this case the corresponding speed 
will be when the term 7 is the same for both channels. 
Then the corresponding speed will be when 


Lv, Lw: 


where the suffixes 1 and 2 apply to the respective channels. 
It should be noticed that Equation (8) (Art. 145) is the same 
form as Equation (8) (Art. 140). This will be seen by putting 
R in Equation (8) (Art. 145) as the resistance per unit area of 
wetted surface, 


Then, Ta pg (z.] 


R y 
9r aT 4(z5) 


which is the same form as Equation (8) (Art. 140). 


(b) RESISTANCE DUE TO GRAVITY ONLY. It was shown in 
Art. 145 that the resistance of a surface ship was partly due 
to surface friction, or viscosity, and partly due to wave forma- 
tion, or gravity. The combined resistance was proved to be 


v 
R = pled (p) 


(Equation 12. Art. 145.) 
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For true dynamical similarity between ship and model both 
of the following conditions must hold, 


y Ven 

(1) Doi Lev, 
iba Woi 

(2) v UEM 


Case 1 being the condition for viscous resistance and Case 2 
the condition for wave resistance. If both model and ship 
are floating in the same fluid, the corresponding speed for 
Case 1 is when 


Lo r 
Or, mm = 07- 


For case 2, the corresponding speed is when 


EA 
V Vm 
IPE 
Or, E 


Hence, the corresponding speed variesin each case ; it would, 
therefore, be impossible to test the model for the total resist- 
ance. To overcome this difficulty it is usual to calculate the 
frictional, or viscous, resistance of the ship and model from 
the coefficient of friction and surface area. The total resist- 
ance of the model is then measured experimentally at the 
corresponding speed for wave resistance ; that is, at a corre- 


sponding speed proportional to al A By subtracting the 


frictional resistance from the total resistance of model the wave 
resistance is obtained. The wave resistance of the ship is 
then obtained by proportion ; this, added to the frictional 
resistance of the ship, will give the total resistance, 


Let R, = wave resistance of ship 
R, = frictional resistance of ship 
r, = wave resistance of model 


r, = frictional resistance of model 
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Then, & =Rj+ Ry . : : : ; al) 
and, Reve in ; a ‘ ‘ A (2) 
Tor wave resistance only, 
Lg 
nee 
Baie! ; 
Vw Pa pee Vand (32) 


Then, for corresponding speed, in order that the last term of 
each will cancel, 


Um eT JD 
rome NT Ts 
R OIAR 
Then, a rae 
hie hem refo 7) 
places 
— Pm 
If the same fluid be used, p = pm 
Ro Lex 
hence, z = (Z) 


Substituting from Equations (1) and (2), 
R- R; EN 

Em aN a e 

From which the total resistance of the ship is obtained. 


EXAMPLE 1. 


The resistance of a hydroplane may be assumed to be entirely due to wave 
formation, The speed of the hydroplane is to be 90 ft. per sec.; calculate 
its resistance at this speed if the resistance of a model at the corresponding 
speed was found to be lb. The linear dimensions of the model were zy 
of the hydroplane. What is the speed of the model ? 


As wave resistance is a gravity resistance, 


ie 
corresponding speed of model = 90 wh T 


— 90 : 
oN eo 


= 20-01 ft. per sec. 
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R INE 

Then, R = (z) 
Hence, Ja == M SA T 
= 4000 lb. 


EXAMPLE 2. 


The loss of head in a pipe lin. diameter and 100 ft. long through which 
water is flowing at 10 ft. per sec. was found to be 7 ft. of water. Calculate 
the loss of head in a 3 in. pipe 60 ft. long through which air is flowing at the 
corresponding speed. For water, p = 62-41b. per cu. ft. and u = -01 C.G.S. 
units. For air, p = -075 1b. per cu. ft. and u = -00015 C.G.S. units. 


As this is a viscous resistance, corresponding speed will be 
when 
Ea 
pdv 
‘01 -00015 
624% 1<-10— 075X 3X 
62-4 X 1 X 10 x -00015 
T omea 0 lanes 
= 416 ft. per sec. 


Now, resistance to flow = R = pL?v¢ (oa 


va for water = for air 


That is, 


from which, 


= p X wetted area x v? Cia) 


R forair (p X mdlv?) for air (1) 
mee: R for water: (p X wdlv? for water ` 


as the term ¢ (5) will cancel at the corresponding speed 


But, R = pressure X cross-sectional area 
=D x. ur ; : : F 2) 
as p= pl 


Hence, equating Equations (1) and (2), 
(ph x 7d?) for air 
4 a (p X wdlv?) for air 
(ph X wd?) for water (p X wdlv*) for water 
4 


1 
(Lot i 
h for air d Voin 


h for water 10 


Hence, =. Saat a a 
7 (l v?) for water 
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h for air 60 <x 4162 x 1 


toane a E E 
Hence, loss of head for air = 2420 ft. of air 
2420 x 075 
z 62-4 


= 2-91 ft. of water. 


It is not necessary in a question of this type to bring all terms 
to foot lb. units, as the factors required to do this would cancel. 


EXAMPLES 12. 
(1) Find the kinematic viscosity of water at a temperature of 60°C. 
Ans.—b5-05 x 107* sq. ft. per sec. 


(2) Oil of kinematic viscosity -000052 sq. ft. per sec. flows through a pipe 
of 6in. diameter with a velocity of 1 ft. per sec. Find the value of the term 


vd and state whether the flow is streamline or turbulent. 
v 


Ans.—9,600 ; turbulent. 


(3) Air of kinematic viscosity of 15-6 x 10-5 sq. ft. per sec. flows through a 
pipe of 2in. diameter. What is the maximum velocity for streamline flow ? 


Ans.—1:872 ft. per sec. 


(4) Water at 20°C. flows through a pipe of 9 in. diameter and of length 
2,000 ft. with a velocity of 1-2ft. per sec. Find the loss of head due to 
viscosity. Ans.—1-13 ft. 


(5) Water at a temperature of 20° C. leaks through a horizontal slot -01 in. 
deep, 4 in. in breadth, and 6in. in length. Find the quantity of water 
leaking through per hour when the difference of pressure between the ends 
of the slot is 5 1b. per sq. in. 

Ans.—3-94 cu. ft. per hour. 


(6) Fuel oil at a temperature of 10° C. is pumped through a pipe line of 
6in. diameter and 5,000 ft. in length. Find the horse-power required to 
pump 10 tons per hour of this oil if the weight of the oil is 57 lb. per cu. ft. 
and the kinematic viscosity at 10° C. is -00015 sq. ft. per sec. 

Ans.—:0189 h.p. 


(7) The resistance of geometrically similar plates when towed edgewise 
througha fluid are given by R = pl? v? o (>) in which pis the fluid density 


and u the coefficient of viscosity of the fluid, J the linear dimensions, and v 
the velocity. Determine the torque necessary to rotate a thin disc 24 in. 
diameter at 3,000 revs. per min. in air for which p= 1-2 x 10°% and 
u = 1-86 x 1074 C.G.S. units, given that the torque necessary to rotate a 
similar disc 9 in. diameter in water at the corresponding speed is -079 ft. lb. 
For water p = 1-00, and u = :0101 C.G.S. units. (London Univ.) 


Ans.—0-0596 lb. ft. 

(8) Show that the resistance to motion of a body deeply submerged in a 
APPL ie l : 

fluid is given by R = pl? v? $( =) where / is some one specified dimension of 


the body and where p and » are respectively the density and kinematic 
viscosity of the fluid. (London Univ.) i 
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(9) How does the viscous leakage past a long hydraulic plunger having a 
very small radial clearance depend upon (1) the length of the plunger sur- 
rounded by its bush, (2) the radial clearance, (3) the diameter, (4) the difference 
of pressure ? (London Univ.) 


(10) What is meant by ‘corresponding speeds ” in model experiments ? 
Deduce the law of corresponding speeds (a) for viscous resistance, (b) for 
resistances due to the effects of gravity. In the case of a hydroplane the 
resistance is mainly due to wave formation. If the scale of a model hydro- 
plane is = and if its resistance at a speed of 20 ft. per sec. is 0-4 1b., what 
will be the resistance of the large hydroplane at the corresponding speed ? 
(Lendon Univ.) 


3 Ans.—6,250 lb. 

(11) The resistances to the uniform flow of fluids through similar pipes is 

2 
given by F = Re A in which © is the pressure drop per unit length, 
and d is the diameter of the pipe, p is the density, u the viscosity, and v the 
velocity of the fluid. 

Hence, find the pressure drop, expressed in inches of water, in a pipe 8 in. 
diameter, 1,000 ft. long, in which air is flowing at a velocity of 6-21 ft. per sec., 
given that the loss of head is 6-1 ft. when water flows through a similar pipe 
l in. diameter 100 ft. long, at the corresponding speed. For water p=62-4 lb. 
per cu. ft., and u = 1-01 x 10°7C.G.S. units; for air p = 0751 lb. per cu. ft., 
and u = 1:86 x 10-74 C.G.S. units. (London Univ.) 

Ans.—:406 in. 


(12) Define Coefficient of Viscosity and explain how its absolute value can be 
determined. 

A shaft having a diameter of 2 in. rotates centrally in a bush having a 
diameter of 2-006 in. and length of 4in. The annular space between the shaft 
and bush is filled with oil having a viscosity of 0-9 poise. Determine the horse- 
power required to drive the shaft when the speed of rotation is 600 r.p.m. 
(London Univ.) 

Ans.—:065 h.p. 


(13) Define ‘coefficient of viscosity.” The lower end of a vertical shaft 
rests in a footstep bearing. Assuming that the end of the shaft and the surface 
of the bearing are both flat and are separated by an oil film 0-05 cm. thick, 
find the torque required to rotate the shaft at 750 r.p.m. Diameter of shaft, 
10 cm.; viscosity of oil, 1-5 C.G.S. units. (I. Mech. E.) 

Ans.—2,350 grm. cm. 


(14) Find the drag in grammes weight per sq. centimetre on the wall of a 

' pipe 2-5 cm. in diameter, when oil whose viscosity is 2 C.G.S. units flows 

through with a mean speed of 100 cm. per sec. What Reynolds number would 
this speed represent? p for oil = 0-8 grm. per cu. cm. (I. Mech. E.) 


Ans.—0-652 grm. per sq. cm.; R, = 100. 


(15) Name and discuss the factors influencing pipe friction. Find the loss 
of head when a flow of 33 cu. ft. per sec. takes place through 17,000 ft. of 36-in. 
pipe, the value of 7/pv? being 0-003 where + = drag stress on wall, p = density, 
and v = speed. (I. Mech. E.) 

Ans.—46 3 ft. 


(16) What is meant by dynamical similarity ? 

What are the conditions necessary for dynamical similarity in the case of 
the flow of two different fluids through similar pipes of different diameter ? 
(I. Mech. E.) 
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(17) Find from first principles the head lost due to laminar flow in a pipe 
of circular section in terms of the length l, the diameter d, the mean velocity 
v, and the density and viscosity of the fluid. Hence show that if the formula 
4 flv?/2gd is used for the loss due to friction under these conditions, the value 


of f is = . Calculate the loss of head in a pipe 4 in. diameter and 20 ft. long 


when water flows at half the critical velocity, if the critical velocity occurs 
when Reynolds number is 2,500 and the coefficient of viscosity is 0:0101 


poise. (London Univ.) 
Ans.—2-63 ft. 


(18) Show that the velocity v with which a piston of diameter D and 
length J moves in a concentric dash-pot is given approximately by 
3 
= = ° ce where h is the clearance between the piston and the dash-pot, 
m 
P is the load of the piston, and u is the coefficient of viscosity of the fluid. 
State what approximations you make. (London Univ.) 


(19) Define coefficient of viscosity. Find the torque to rotate a shaft, 
diameter 50 mm., at 1,200 r.p.m. concentrically within a sleeve 50-17 mm. in 
diameter and 90 mm. long, flooded with oil for which u = 0-8 grm.-cm.—} 
sec.-! (I. Mech. E.) 
; Ans.—10,600 gm. cm. 


(20) Describe the two different types of flow that may occur in a pipe. 
The difference of pressure at the ends of a 300-ft. pipe line conveying oil is 
maintained at 10 lb. per sq. in. If the diameter of the pipe line is 4 in. and the 
viscosity and density of the oil are 3-0 C.G.S. units and 0-9 grm. per cu. em. 
respectively, determine the quantity passing. (I. Mech. E.) 


Ans.—0-232 cu. ft. per sec. 


(21) Oil of specific gravity 0-91 and viscosity 1-24 poises is pumped through 
a pipe 3 in. diameter at a rate of 15 cu. ft. per min. Show that the motion is 
streamline, and estimate the horse-power required to pump the oil through a 
length of 250 ft. of this pipe which rises 10 ft. (London Univ.) : 


Ans.—R, = 868; H.P. = :89. 


(22) Prove that, for slow flow through a pipe, rd/uv = 8, where r = sheer 
stress at pipe wall, d = diameter, u = viscosity, and v = mean. velocity. 
Find the flow of oil, u = 0:5 grm.-cm~!-sec.—1, density 0-8 grm.-cm.-~?, through 
a pipe, diameter 0-9 cm. and 12 metres long, when the head lost is 75 cm. 
(I. Mech. E.) 


Ans.—v = 2-49 cm. per sec. 


(23) Deduce an expression for the loss of head h, when a liquid of viscosity 
y flows through a pipe of diameter d and length / at a velocity v. 

For a liquid flowing along a similar pipe the loss of head was proportional 

2 
to vt75, Find f in the formula h = Lia (London Univ.) 

(24) For the flow of a fluid through similar pipes at speeds above the 
critical velocity prove that the drop in pressure per unit length is given by 
p|l = pv?/d- ¢(R), in which p is the density and v the velocity of the fluid, 
d is the diameter of the pipe, and R is the Reynolds number. 

Hence, show that the frictional coefficient f in the formula 4flv?/2gd for the 
frictional loss is a function of the Reynolds number. (London Univ.) 


CHAPTER XIII 
HYDRAULIC MACHINES, METERS, AND VALVES 


147. The Hydraulic Accumulator. The hydraulic accumulator 
is a cylinder used for temporary storing the energy of water. 


which is followed by an 

idle period. For exam- st f 
ple, a lift or crane re- 
quires the energy to 
be supplied during the 
upward motion of the 
load only, practically no 
energy being used 
during the downward 
motion. But as the 
pumps are supplying 
the energy continu- 
ously, it may be stored 
in an accumulator dur- 
ing the idle periods of 
the machine and given 


out at an increased rate Ouglet 

during the working a LDL 
periods. The uniform 

supply of energy from Rick es 


the pumps need not, 
therefore, be as large as that required by the machine when 
doing its maximum rate of work, as the machine will then draw 
from the accumulator. 
The accumulator consists of a vertical cylinder containing 
a sliding ram (Fig. 177). A container, fixed to the ram, is 
filled with heavy material such as slag, or the ram is loaded 
with weights. Water is delivered by the pumps into the 
cylinder when not required by the machine it is working. The 
pressure of the water lifts up the heavy ram until the cylinder 
is full. The accumulator has then stored its maximum amount 
37 


— 
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of energy. During its period of maximum work, the machine 
will draw from the accumulator and the ram will descend. 

The maximum amount of energy the accumulator can store 
is known as the capacity of the accumulator. 


Let A = area of base of ram in square feet, 
and H = lift of ram in feet. 


Then, volume of ac- 
cumulator = AH cu. ft. 


Let p = intensity of 
pressure of water sup- 
pliedin pounds per square 


SW 


INN N feet. 
r Bp ES of ram 
= ; 


Work done in lifting 
ram = pAH ft. lb. 

This equals the energy 
stored, which is the capa- 
city of the accumulator. 


Therefore, 
Bi Stops i 
capacity of accumulator 


= pAH 
= p X volume 


Fig. 178 


Another form of accumulator, known as Tweddell’s differ- 
ential accumulator, is shown in Fig. 178. The advantage of 
this accumulator is that the water can be stored at a high 
pressure by a comparatively small load on the ram. It con- 
sists of a fixed ram of which the lower portion is made larger 
than the upper portion by surrounding it with a brass bush. 
Sliding on the fixed ram is a loaded cylinder, which is forced 
upwards by the pressure of the water from the main supply. 
The water enters and leaves the cylinder by a hole through the 
centre of the fixed ram. 


Let a = sectional area of brass bush in square feet 
= effective area of ram 


Load on cylinder = pa. 
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Therefore, by making the 
area of the bush small, it 
is possible to store at a high 
pressure with a small load. 


ga 


Capacity of accumulator 
= paH 
= p X volume 


A sectional view of an 
actual accumulator* is shown 
in Fig. 179. 

If the pipes leading to an 
accumulator are very long 
great trouble is experienced 
owing to surging, which is 
caused by the inertia effect 
of the water column. This 
can be overcome by fitting 
some form of relief valve 
(Art. 155) as close to the 
accumulator as possible. 


N 


i 
IN 

\ 
AN 
HN 


EXAMPLE 1. 


An accumulator has a ram of 
6 in. diameter and a lift of 18 ft. 
Water is supplied at a pressure of 
800 lb. per square inch. Find the 
necessary load on the ram and the (NO aa 
capacity in horse-power hours. Ml A 


y ay PASL SS REI W 7 7 a oF T 


SASHA NAAN NA SSAA AANA ANNU TNNNANAA NEENA UNO A AANA ASANO TAA AANA URAAN NAN ARANUAA ANANDA 


SAAAAAAASANAANNAA NANA AANAS NASSAR AANA NAAN ANNAN ANNAN NANA NANA SAAN ANNAN ANAS 


N 
N 


VLELELA 


7 


WA 


As: 
= 


NS 


YAN 


i 
G S 
RANE STS SS 


Load on ram = p X a 


T (Hydraulic Engineering Co.) 
= 800 X —.(6)? Fia. 179.—SECTION or HYDRAULIC 
4 ACCUMULATOR 


= 22,600 lb Cast-iron weight type 
Capacity = paH 
= 22,600 x 18 = 407,000 ft. Ib. 
407,000 


* By courtesy of The Hydraulic Engineering Co., Chester. 
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EXAMPLE 2. 


An accumulator has a 12-in. ram and 16 ft. lift, and is loaded with 80 tons 
total weight. If packing friction is equivalent to 5 per cent of the load on 
the ram, determine the horse-power being delivered to the mains if the ram 
falls steadily through its full range in 1-5 minutes, and if at the same time 
the pumps are delivering 1lcu.ft. per sec. through the accumulator. 
(A.M. Inst. C.E.) 


First find the pressure of water produced by the falling 
ram of the accumulator; this will be the pressure of water 


supplied to mains. 
Intensity of pressure when ram is falling 
: 95 
Weight x 100 
area 


80 x 2240 x 0-95 
loo Ib. per sq. ft. 


4 


Head of water due to this pressure, 
_ 80 X 2240 x 0-95 


T 
7 X 62-4 


= 3475 ft. of water 
Work supplied by pumps per min., 
= WH 
= (62:4 x 60) X 3475 
13,000,000 ft. lb. 
Work done by accumulator per min., 
Weight x distance moved 
= (80 X 2240 x -95) x 10 
= 1,703,000 ft. lb. 


Horse-power delivered = 13,000,000 + 1,703,000 
33,000 


= 445 
148. The Hydraulic Intensifier. The hydraulic intensifier 


is used for increasing the intensity of pressure of water by 
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` means of the energy of a larger quantity of water at low pressure. 
This is necessary when the pressure of the water supplied to a 
machine is not of sufficient intensity. 

An intensifier consists of a fixed ram (Fig. 180) through 
which the high pressure water flows to the machine. Mounted 
externally on the fixed ram is 
a hollow sliding ram containing 
the high pressure water. The 
sliding ram is encased by a fixed 
cylinder which contains the low 
pressure water from the main 
supply. The low pressure water 
presses on the end of the sliding 
ram, forcing it downwards on to 
the fixed ram; this increases the 
pressure of the water in the 
sliding ram. 


Let A = external area of end of 
sliding ram 
a = area of end of fixed , 
ram 


P = intensity of pressure of 
low pressure water 
in fixed cylinder 


p = intensity of pressure of 
high pressure water 


in sliding ram Fre. 180 
As total upward force = total downward force 
pa = PA 
f PA 
From which DA 


When the sliding ram is at the bottom of its stroke the valve 
admitting the high pressure water to the machine is closed. 
Low pressure water from the main is then admitted to the 
inside of sliding ram and the fixed cylinder is open to exhaust ; 
this causes the sliding ram to rise. When it reaches the top 
of its stroke the valve admitting high pressure water to machine 


13—(T.5167) 
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is opened and the valve admitting low pressure water to inside 
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(Hydraulic Engineering Co.) 


Fie. 181 
HYDRAULIC INTENSIFIER 


of sliding cylinder is closed. 
At the same time the fixed 
cylinder valve closes to exhaust 
and opens to the main. Low 
pressure water then flows into 
the fixed cylinder and forces 
the sliding cylinder -down- 
wards; this produces the high 
pressure water in the sliding 
cylinder which is forced into the 
machine. The intensifier is thus 
single acting, supplying high 
pressure water during the 
downward stroke only. Double 
acting intensifiers are made 
which give a continuous supply 
of high pressure water. 

It is possible to raise the 
pressure of water to 10 tons 
per sq. in. by means of an 
intensifier. 

The view of an actual intensi- 
fier is shown in Fig. 181. 


EXAMPLE 


Water is supplied to an hydraulic 
intensifier at a pressure of 24 1b. per 
square inch. The diameters of the 
sliding and fixed rams of the intensifier 
are 2in. and 5in. respectively. Find 
the pressure of the water leaving the 
intensifier, 


REAR SA 52 
poz ad Xo 


= 150 lb. per sq. in. 


149. Water Meters. (a) THE 
Kent VENTURI METER. This 
consists of the ordinary Venturi 
meter, which has already been 


dealt with in Art. 27, on to which is attached a special 
apparatus for indicating the flow of water. The quantity of 
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water flowing through the meter is proportional to the square 
root of the difference of pressure heads at the entrance and 
throat. The flow is plotted by a pencil on to a drum which is 
revolved by clockwork, whilst the total flow through the meter 
is recorded by the small dials shown in Fig. 182. 

The instrument, shown in Fig. 182, consists of two cast-iron 
cylinders, M, and M, containing mercury on which rests two 
floats, F, and F}. These cast-iron cylinders form the two 
limbs of a U-tube and are connected at their bases by the 
tube m. The water pressure at the entrance and throat of 
the Venturi meter is transmitted to the cylinders through the 
pipes P, and P,. The floats are connected to racks D, and D,, 
which turn the pinions H, and H, as the floats rise or fall with 
the pressure difference in the Venturi meter. These pinions 
transmit the motion to two other racks, J, and Ja which are 
outside of the cylinders. The rack J, operates the pencil G, 
which plots the pressure difference on the squared paper 
surrounding the drum D. The latter is rotated by clockwork 
governed by the pendulum P. The squared paper used on 
the drum is so divided that the flow may be read direct. As 
the vertical displacement of the pencil is proportional to the 
pressure difference, the paper must be divided so as to read 
the square root of the pressure difference. It should be noted 
that the float F, will rise the same amount as F, falls, both 
displacements being in proportion to the pressure difference of 
the Venturi meter. 

The right-hand external rack J, operates the recording dials 
to register the flow. The vertical displacement of the rack is 
proportional to the pressure difference ; this must be reduced 
to the square root of the pressure difference in order to register 
the flow. Inside of the clockwork drum D, and rotating with 
it, is an integrating drum, the development of which is shown 
in Fig. 183. The drum is divided by a parabolic curve ABC. 
The shaded surface above the curve is raised above the surface 
below. The rack J, is connected to a carriage which is in 
contact with the drum and which gears with the recording 
dials. When the raised surface of the drum comes in contact 
with the carriage the latter is put out of gear with the recorder 
and no flow is registered. Thus, if the carriage is at a height D, 
the flow will only be registered over the portion of a revolution 
represented by DB; it will be out of gear during the portion 
BE. When the float is at the top of the cylinder there will 
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be no flow taking place; the carriage will then be on the 
raised surface above A (Fig. 183) during the revolution of the 
drum, and no flow will be registered by the recorder. 

(b) Tue Deacon METER. This meter is shown in Fig. 184. 
It consists of a cast-iron body C, into which is fitted a hollow 
cone A. The water flows into the meter through E, passes 
through the cone and leaves the meter through F. A disc D, 
having a diameter equal to the smallest diameter of the cone, 
is fixed to the rod G, which slides up and down in the boss B. 
_ A balance weight Q is attached to a wire W fixed to the top 
of the rod G, and keeps the disce D at the top of the cone when 
no water is flowing. When the water flows into the meter it 
forces down the disc D into a wider part of the cone and passes 
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through the space between D and the cone sides. This space 
increases as D descends ; the vertical drop of D will, therefore, 
be in proportion to the quantity of water flowing. 

The flow through the meter is recorded by means of a pencil 
connected to the wire from the rod G. The pencil is in contact 
with the surface of the drum R, which is revolved by clock- 
work. As the vertical motion of the pencil is proportional 
to the movement of the disc D, a curve giving the quantity of 
flow through the meter at any instant will be automatically 
drawn on suitably graduated squared paper placed around 
the revolving drum. 

This meter is chiefly used for measuring the waste water 
flow in water mains. 

(c) Tok Kennepy Merer. This is a positive type of 
meter, the volume of water flowing being actually measured 
by continually filling a cylinder of known volume. 
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The meter consists of a cylinder (Fig. 185), in which slides 
a piston. The piston rod is connected to a rack, which 
slides up and down with the piston. The rack gears with a 
pinion, which operates a four-way cock. A diagrammatic 
view of the passages is shown in Fig. 186. The water 
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from the supply pipe flows through A into the pipe D, through 
which it enters the lower end of the cylinder and forces up the 
piston. As the piston rises, the rack turns the pinion. A 
weight is fixed to the end of a lever which is rotated upwards 
by a pin fixed to the pinion. When the piston reaches the 
top of its stroke, the weight is rotated to just beyond the 
vertical position ; it then falls over suddenly and, by striking 
a lever, operates the cock,into its reverse position. This 
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new position of the cock cuts off the water supply from the 
lower end of the cylinder and admits it to the upper end. 
At the same time, the lower end is open to the outlet pipe B 
of the meter. The piston now moves downwards under the 
pressure of the incoming water, and forces the water in the 


Fig. 186.—KENNEDY METER—SECTION THROUGH Ports 


lower end of the cylinder up the pipe D into the outlet pipe. 
In moving downwards, the rack operates the pinion, which 
causes the weight to be again raised. When the piston reaches 
the bottom of its stroke, the weight falls over and turns 
the cock back to its former position. The upper part of the 
cylinder is now open to the outlet pipe and the lower part to 
the supply pipe. The piston will now be forced upwards, 
-driving the water above it through the pipe C and into the 
outlet pipe. The cycle is then repeated. 
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For each stroke of the piston, a volume of water equal to 
the volume of the cylinder passes through the meter. The 
strokes are registered by means of a counter, operated by the 
pinion, which records the quantity of flow. 

150. The Hydraulic Ram. The hydraulic ram is an auto- 
matic pump by means of which a large quantity of water 
falling through a small height is utilized in lifting a small 
quantity of water to a greater height. 

_A diagrammatic view of a hydraulic ram is shown in Fig. 187. 
Water from the natural supply A has an available head of H, ; 
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by means of the ram a small quantity of this water is raised 
through the height H, into the service tank Æ. 


Let W = weight of water flowing per second from A 
w = weight of water raised per second to E 


Then, as energy supplied by A is theoretically equal to 
energy supplied to £, 


WH, = wH, 
WH, 
Or, w = H, 
If losses are taken into account, 
f 2 wH, 
efficiency of ram Se 


The automatic action of the ram is due to the inertia forces 
of the water in the pipe @. The water commences to flow 
down the pipe @ into the chamber B. The waste water 
valve C is open and the water flows through it to waste. As 
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the speed of the water in G increases, the dynamic pressure on 
the valve C increases, until it will ultimately be greater than 
the weight of the valve lid ; the valve will then suddenly close. 
The closing of the valve C brings the water in G suddenly to 
rest, causing an increase of pressure in B. This increase of 
pressure lifts the valve F and some of the water will flow into 
the air vessel D, compressing the air in the vessel. This 
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The air vessel is drilled so that the delivery may be on either side 


increased air pressure forces the water into the tank E. When 
the momentum of the water in B is destroyed, the valve F 
closes and the valve C opens, causing the flow from A to 
recommence ; the cycle is then repeated. The automatic 
valves C and F may act by their weight or by a spring. 

Hydraulic rams are chiefly used on country estates and farms 
at which a large quantity of water under a low head is available. 

The cross-sectional view of an actual hydraulic ram* is 
shown in Fig. 188, and a plan and elevation of the complete 
installation is shown in Fig. 189. 


* By courtesy of Messrs. Green & Carter, Ltd., Winchester. 
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The overall efficiency of the hydraulic ram is as large as 
80 per cent, and water can be lifted to a height of fifty times 
the height of the working fall. Compound hydraulic rams are 
made which will raise water to any height to which it could be 
forced by an ordinary pump. 

151. The Hydraulic Press. Hydraulic presses are used in 
most branches of industry ; in principle they are the same as 
the Bramah press which was dealt with in Art. 4. They vary 
greatly in type according to the nature of the work required, 
but all consists of a ram sliding in a cylinder into which high 
pressure water is forced. In some large forging presses water 
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at a pressure of 5 tons per sq. in. is used in the cylinder and 
produces a total force of 5,000 tons. 

In all heavy presses some means must be adopted to bring 
about the return stroke of the ram. To do this, small return 
rams are fitted, their function being to bring the main ram 
back to the beginning of its stroke. The size of the return 
ram must be such that the area multiplied by water pressure 
is sufficient to lift the main ram. In designing the main ram, 
the area multiplied by water pressure should be large enough 
to do the work of the press and to overcome the resistance of 
the return rams. 

For balancing purposes it is necessary to have two return 
rams to one mainram. An alternative method is to have one 
return ram in tandem with the main ram. 

A view of a shell forging press is shown in Fig. 190; in this 
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(Hydraulic Engineering Co.) 
Fie. 190.—SHELL FORGING PRESS 
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= view the two return rams can be seen at the sides of the main 
ram. 


EXAMPLE. 


The ram of a hydraulic press is 8in. diameter, and is worked from an 
intensifier of the piston and ram type which receives its low pressure supply 
of water from a tank whose surface level is 50 ft. above the level of the 
intensifier piston, through a pipe 2 in. diameter and 400 ft. long. The intensi- 
fier ram is 3in. diameter and the piston 36in. diameter. The friction of 
each of the three packings may be taken to be 3 per cent of the total pressure 
on the appropriate piston or ram. The frictional coefficient for the low pres- 
sure supply pipe is 0-005. Calculate the apeed of advance of the press ram 
in inches per minute when exerting a force of 50 tons. Neglect all other 
losses. (London Univ.) 


100 
Water pressure on ram of press = 50 x or 51-5 tons 
Intensity of pressure on ram of press 
51:5 . 
= —— = 1-025 tons per sq. in. 
mT 
go 


As this is the same pressure transmitted by the ram of the 
intensifier, intensity of pressure on intensifier ram 


100 ; 
= 1-025 x 7 tons per sq. in. 


As load on intensifier ram equals load on intensifier sliding 
cylinder, 


LOO 77 7 97 
; DE R= 4 ie pe 
B02 x a XX 8 PX X 3P X65 
where p = pressure of low pressure water supply 
= 1100\2 3 \2 
Hence, p = 1-025 x (S) x (=) x 2240 


= 16-96 lb. per sq. in. 
Hence, pressure head of low pressure water 
16-96 X 144 
pee Coa eg io 39-2 ft. 
Poo ore head lost Mf E 50 _ 39-2 = 10:8 ft: 
friction in 2-in. pipe 
Let v= velocity of water in 2-in. pipe in ft. per sec. 
V = velocity of ram in ft. per sec. 
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Head lost in aA DS flv 


in 2-in. pipe. 2gd 
4 x -005 x 400v? x 12 
g ESSE 
From which v = 3-8 ft. per sec. 


As quantity of water flowing along 2-in. pipe per sec. is less 
than the quantity flowing in the press cylinder per sec. by the 
ratio of the intensifier piston areas, 


T 22 y T 8? 36\? 
ox (7X ia) = x (5 a mm) (5) 
2\2 3 \2 
From which V = 3:8 X (5) x (=) ft. per sec. 
= 1-2 in. per min. 

152. The Hydraulic Crane. The hydraulic crane is usually 
found at docks, sidings, and warehouses, and is used for lifting 
loads up to 250 tons. It consists of a central pedestal support- 
ing a mast from which is suspended a jib, or arm, the latter 
can be raised or lowered in order to reduce or increase the 
radius of action. The mast revolves about a vertical axis, 
the jib swinging with it; thus, by revolving the pedestal and 
lowering the jib, the suspended load may be moved to any 
place within the crane’s area of action. The principle of the 
suspended jib enables the load to be lifted over obstacles on the 
ground. 

The load is suspended by a wire rope which passes over 
pulleys to a hydraulic ram; this ram has an arrangement of 
pulleys for increasing the velocity ratio and is known as a 
jigger. The jigger is attached to the mast and consists of a 
sliding ram and cylinder at the ends of which are pulleys 
(Fig. 191) ; it increases the velocity ratio of the ram and cable 
by acting on the principle of the multi-sheaved pulley blocks. 
One set of pulleys are fixed to the ram whilst the other set are 
fixed to the cylinder, the cable being wound over both sets of 
pulleys. High pressure water is admitted into the cylinder, 
forcing out the ram; this increases the distance between the 
two sets of pulleys, thus winding in the cable. A six-sheaf 
pulley block system will give a velocity ratio of six to one; 
this means that the suspended load will move at six times the 
speed of the ram. A modern hydraulic crane may have a 
lifting speed of 250 ft. per minute. 


== 


(Hydraulic Engineering Co.) 


—SINGLE POWER JIGGER 


Fig. 191. 
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EXAMPLE. 
The following particulars refer to a hydraulic crane— 


Diameter of ram, 12 in 

Velocity ratio of crane hook to ram, 5: 1. 

Length of supply pipe from accumulator, 500 ft. 

Diameter of supply pipe, 2 in. 

Pressure at accumulator, 750 1b. per sq. in. 

Mechanical friction of ram, pulleys, etc., equivalent to a pressure of 50 1b. 
per sq. in. on the ram. 

Coefficient of friction for the pipe, :010. 

Plot a curve showing the relation between the load lifted and the speed of 
lifting. (London Univ., 1923.) 


Let W =load lifted in pounds 
Then load on ram = 5 W 
Let v = velocity of water in 2-in. pipe 


V = velocity of lifting in ft. per sec. 


Then, velocity of ram =F 


5 
Intensity of pressure on ram = mer oe + (50 x 144) lb. persq. ft. 
AOA 
4 
= 6-36W + 7200 lb. per sq. ft. 


p 636W + 7200 


Head of water on ram = = = ——__—_—_{t. of water 
w 62-4 
= :1W + 115 ft. of water 
750 X 144 
Head of water in accumulator = a = 1730 ft. of water 
Head lost in friction in pipe = Head in accumulator—head 
on ram 


= 1730 - (-1W + 115) 

= 1615- 1W ft. of water 

4 flv? 

2gd 

4 X -01 x 500? x 12 
62:4 x 2 


From which v = V 840 — -052W ft. per sec. 


I 


Hence, 1615--1W 
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As quantity of flow along pipe per second equals flow per 
second in ram cylinder, 


Coe E e 
vx 7 = 34) 
5 
F i —— =< 
rom which y 36° 
= 24/340 052 W 
= 35 2.052 W 


= V16-0 - -00104 W 
By substituting various values of W in this equation the 
corresponding values of V are obtained. 


W 2,000 | 4,000 


0 6,000 | 8,000 | 10,000 | 12,000 f 14,000 


y 4-0 3°72 3-44 2-36 1-87 1-2 


3-12 | 2-77 


A curve may now be plotted with these results. 

153. The Hydraulic Lift. The hydraulic lift obtains its 
motion from a jigger, in the same way as the crane (Art. 152). 
The jigger should be fixed with the ram working downwards, 
so that its weight will be supported by the cables; this pre- 
vents any tendency of the ram to move independently of the 
lift cage. The lift cage runs between guides of hard wood or 
round steel, and is ‘usually suspended by four lifting ropes, 
each one being of sufficient strength to support the load. 
Sliding balance weights are provided to balance the weight of 
the cage. 

Views of hydraulic suspended lifts are shown in Fig. 192. 

Modern hydraulic lifts now have a lifting speed of 350 ft. per 
minute in this country ; in the United States lifting speeds of 
400 ft. per minute are in use. 

The earlier form of hydraulic lift consisted of a sliding ram 
and cylinder ; the platform or cage was supported on the end 
of the ram and pushed up by it. Hence, the stroke of the ram 
was the same as the lift of the platform. This type of lift is 
known as a direct acting lift. 


EXAMPLE. 

A hydraulic direct-acting lift has a ram 6in. diameter. The pipe con- 
necting the valve box to the cylinder is short and is fin. diameter. The 
pressure in the valve box is 8001b. per sq. in. Neglecting frictional losses 


3 (Hydraulic Engineeing Co.) 
Fie. 192. —HYDBAULIO SUSPENDED LIFTS 
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and assuming the valve fully open, find the maximum load that can be lifted 
steadily at a velocity of 2 ft. per sec. Find also the maximum velocity with 
which the lift with this load could descend steadily with an open exhaust. 
(A.M.I. Mech. E.) 


Let v = velocity of water in 3-in. pipe. 


Then, as quantity per second flowing through pipe equals 
quantity per second flowing in cylinder, 


TT Th 
emay S USE 
From which v = 128 ft. per sec. 
; toe G MRP 
Velocity head of water in pipe = PEE 
Total intensity of pressure on ram = pressure in valve box 
+ pressure due to velocity in pipe 
62-4 X 255 
144 
= 910-5 lb. per sq. in. 


= 255 ft. of water 


= 800 +- 


Load on ram = 910:5 x = (6)? 


= 25,700 lb. 


Let V = velocity of descent in feet per second. 
6 \2 

Then, velocity in 3-in. pipe = (=) V = 64V 
ry 


In descending, the ram will give a velocity head to water in 
the #-in. pipe; this will be the only resistance. Hence, 


pressure head due to ram = velocity head in 3-in pipe 


Teie. 910:5 x 144 (64V)? 
at 18 aA F 2g 
From which V = 5-75 ft. per sec. 


154. The Hydraulic Capstan. Hydraulic capstans are used 
- for winding a haulage rope and are found in railway goods yards 
and at docks. They consist of a vertical drum operated by 
a hydraulic engine. A cable is attached to the wagon or 
ship which is to be moved, the free end being wrapped 
round the capstan’s drum; the capstan’s engine is then 
started by pressing a lever with the foot; this causes the 
drum to rotate and wind up the haulage cable. 
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The hydraulic engine used for capstans is usually of the 
“ Brotherton ” type. This engine consists of three fixed 
radial cylinders at 120°, each containing a piston, with piston 
rods fixed to the same crank pin. The engine contains 
one working valve, with three parts, each connected to one of 
the cylinders. High pressure water is admitted to the head 
of the cylinder, forcing the piston along the cylinder for the 
working stroke. During the return stroke the exhaust port 
is opened and the used water flows out to waste. 

The hauling drum is keyed on to the crank shaft, and is the 
only part of the machine above the ground. The engine is 
started by a foot treadle, thus leaving the hands free to 
manipulate the rope. The foot treadle operates a balanced 
mitre valve which admits water from the mains to the 
engine; when the foot is removed from the treadle the valve 
automatically closes. 

155. Hydraulic Valves. (a) SLIDE Vatves. These valves 
are for operating hydraulic machinery and consist of the “ D ” 
slide valve and the piston valve (Fig. 193) ; they are similar in 
action to the ordinary steam engine valves. For water 
pressures up to 1,000 lb. per sq. in. the “ D” slide valve may 
be used; but for very high pressures, as in lifts and cranes, 
the piston valve must be used. 

As the valves slide to and fro they uncover or cover the 
various ports, thus admitting or cutting off the water supply 
to the machine or to exhaust. The operation of the valve can 
be clearly seen from Fig. 193. 

(b) Mirre Vatve. This valve is used on cranes required to 
lift and lower rapidly ; it consists of vertical spindle valves 
with mitred ends working on seats to suit, and requires very 
little effort to operate. A view of this valve is shown in 
Fig. 194. The valve spindles are operated by levers. 

(c) Stop Vatvzs. Stop valves are used for shutting off the 
main water supply. They are spindle valves and are lowered 
on to the seat by revolving the spindle in a screw thread, a 
hand wheel being fitted for this purpose. For small valves, 
an unbalanced valve may be used; but for large valves 
working under high pressure it would require too large an effort 
to close the valve by hand. To overcome this, a balanced 
stop valve is used. The balanced stop valve has the water 
admitted to both sides of the valve when open, thus relieving 
the valve spindle of the water pressure. 
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Views of an unbalanced and a balanced stop valve are shown 
in Fig. 195. 

(4) Rutter Vatves. One form of relief valve is the safety 
valve which is arranged to open and reduce the pressure after 
a certain maximum pressure has been reached. These are 
fitted to accumulators and to machines with a rising ram of a 
predetermined stroke. If the ram should rise beyond its 
proper limit, owing to accidental causes, the pressure of water 
would become excessive and dangerous; the relief valve will 
then open and reduce the pressure. Its action, therefore, is 
the same as the steam safety valve on a boiler. The form of 
relief valve for this purpose is a lever and weight-loaded valve ; 
a spring-loaded valve may also be used. 

Another use of relief valve is to check the rise in pressure in 
a long pipe due to the sudden stopping of the flow; such 
valves are known as momentum. valves. They consist of 
pistons working in a chamber against a spring. These valves 
are also fitted on machines which receive heavy shocks such 
as shell forging presses ; when used for this purpose they are 
known as shock absorbers. 

156. Hydraulic Joints and Packing. Hydraulic pipes of less 
than 2in. diameter are usually of wrought iron with screw 
joints. The ends of each length of pipe are tapped and screwed 
into a coupling, the thread being first covered with hemp and 
white lead in order to prevent leakage. 

Hydraulic pipes of more than 2 in. diameter are of cast iron 
with oval or circular flanges cast on the ends. These flanges 
` are bolted together, a strip of packing being placed between 
them to prevent leakage. The packing consists of a thin sheet 
of rubber cut to the shape of the flange, or it may consist of 
one of the many patent hydraulic packing sheets which are on 
the market; copper rings are also used in place of sheet 
packing. 

Hydraulic glands, pistons, etc., are packed with hemp or 
yarn soaked in tallow and well pressed into position. Also 
leather packing rings are used, the leather being first soaked 
in grease. These leather packing rings are named after the 
shape of their sections and are known as “U?” leathers, 
“ cup ” leathers, and “hat” leathers; plain leather washers 
are also used. 

The seams of wrought-iron tanks, ships, etc., are made 
watertight by ‘‘ caulking”; the metal is caused to “ flow ” 
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over the seam by blows from a caulking tool. The seams of 
wood vessels and boats are made watertight by placing a 
layer of white lead between the planks. 


EXAMPLES 13. 


(1) A hydraulic accumulator has a ram of 9 in. diameter and a lift of 15 ft. 
Find the load on the ram and the capacity if supplied with water at 60 lb. 
per square inch pressure, 

Ans.—3,810 lb. ; 57,200 ft. lb. 


' (2) A hydraulic intensifier has ram diameters of 3in. and 7in. Find the 
pressure at which the water is raised when the pressure of the supply is 
75 lb. per square inch. 

Ans.—408 lbs. per sq. in. 


(3) A hydraulic lift has a ram diameter of 6 in. and is supplied with water 
at a pressure of 400 lb. per square inch. Find the total load the lift will carry 
if the efficiency is 85 per cent. 

If the lift has a velocity of 2 ft. per second, find the horse-power required 
when lifting. 

Ans.—9,600 Ib. ; 41-2 h.p. 


(4) 40 h.p. is to be transmitted from an accumulator through a 4 in. pipe, 
5,000 ft. long. If the loss is to be 2 per cent, find the diameter of the ram 
which is loaded with 120 tons. (Assume coefficient of friction in pipe to 
be -01.) (London Univ.) 

Ans.—19-9 in. 


(5) An accumulator maintains a pressure of 1,200 lb. per square inch in a 
3 in. hydraulic main. A hydraulic lift is supplied with pressure water from 
this main, and the point at which the supply to the lift is drawn off is at a 
distance of 2,000 ft. from the accumulator. The ram at the lift is 8in. in 
diameter, and the load on it, inclusive of its own weight, is 12 tons. The 
friction of the’ ram, cage, etc., may be taken as equivalent to an addition of 
64 per cent of the gross load on the ram. Determine the speed at which the 
lift will ascend, if the value of the coefficient of resistance, f, for the hydraulic 
main is -008. Neglect the loss due to shock at entrance to cylinder. (London 
Univ.) 
Ans.—2-69 ft. per second. 


(6) Give a careful sketch showing the construction of a hydraulic ram, and 
explain its action fully by aid of reference letters. In what circumstances 
would you make use of such a machine and why ? (A.M.I. Civil E., 1922.) 


(7) Describe with sketches the hydraulic ram, and explain its action. 
(London Univ.) 


(8) An accumulator has a 12 in. ram and 20 ft. lift, is loaded with 100 tons 
total weight. If packing friction accounts for 2 per cent of the total force 
on the ram, determine the horse-power being delivered to the mains if the 
ram falls steadily through its full range in 2 minutes, and if at the same time 
the pumps are delivering 240 gallons per minute. (A.M.I. Mech. E.) 


Ans.—395 h.p. 
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(9) A hydraulic lift raises a load of 8 tons through a height of 40 ft. once 
every 2 minutes, the speed of lifting being 2ft. per second. It is worked 
from an accumulator which is being continuously charged by a pump. The 
pressure of the water is 5001b. per square inch, the efficiency of the lift 
75 per cent and the efficiency of the pump 84 per cent. Find the power 
required to drive the pump, and the minimum capacity of the accumulator. 
Frictional losses in the pipes may be neglected. (London Univ.) 


Ans.—H.P. = 17; volume = 11-08 cu. ft 


CHAPTER XIV 
THE AEROFOIL AND ITS APPLICATIONS 


_ 157. Modern Theories of Fluid Flow. The theories on fluid flow 

given in the earlier chapters were evolved by practical engineers 
for use in their design problems; in the light of modern science, 
they are regarded as approximations only, and as having a 
limited range of application. Although they were deduced 
from rational laws, it is necessary to introduce a coefficient, 
found experimentally, in order to make them agree with prac- 
tical experience. This experimental coefficient is a constant 
over a very limited range; actually it varies with such factors 
as the velocity, linear dimensions, temperature and viscosity. 
Within recent years new theories on fluid flow have been 
evolved, chiefly due to the development of aeronautics, which 
take into account these factors. An experimental coefficient 
is still introduced, but it holds over a much larger range on 
account of the greater scientific accuracy of the new theories. 

In the following chapters an account of some of the more 
recent theories on fluid flow will be given, and applied to a few 
practical problems. It should be noted throughout that the 
effect of fluid flow depends on the relative motion of the body 
considered and of the fluid. The body considered may be 
moving in a stationary fluid, or the body may be at rest and 
surrounded by a moving fluid, or they may both be moving 
at different velocities. The problem is only affected by their 
relative velocity. 

158. Fluid Flow Past an Inclined Plate. In Fig. 196 is shown 
a flat plate immersed in a fluid stream of velocity V relative 
to the plate, which is inclined at an angle « to the direction of 
flow; the fluid may be a liquid or a gas. Some of the fluid 
streams strike the underside of the plate and are deviated in a 
direction parallel to the surface by the pressure of the fluid 
stream beneath them, thus causing a tangential frictional drag 
on the plate. The impact of the fluid causes a normal pressure 
P on the plate which is proportional to its surface area and to 
the kinetic energy of the stream. 


2 
Hence Pe gks x area of surface i (1) 
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Now consider the upper surface of the plate. Local fluid 
streams will be deflected away from the upper surface of the 
plate by the action of its front, or leading edge. These are then 
forced downwards by the pressure of the fluid streams above, 
thus tending to form a vortex, as shown in the figure. This 
causes a negative, or vacuum, pressure on the upper surface. 
The resultant pressure P will, therefore, be partly due to the 


positive pressure on the lower surface of the plate, and partly 
due to the effect of the negative pressure on the upper surface. 
It will be noticed that the force P will have a component 
perpendicular to the stream of Pcos«; this is sometimes 
known as the lift. There will also be a component in the 
direction of the stream of P sina, causing a resistance to 
motion. The total resistance of the plate in the direction of 
the stream is known as the drag. 
Equation (1) may be written 
L= ky ApV? : : : : 
where L = force on plate normal to direction of stream 
A = area of under surface of plate 
p = density of fluid (absolute units) 
w 


g 
k, = a coefficient to be determined experimentally for 
a flat plate inclined at an angle a. 


(2) 
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The coefficient k, is known as the lift coefficient; it varies 
with the type of plate and with the inclination «. 

The resistance, or drag, of the plate in a direction parallel 
to the stream may be expressed in a similar type of equation— 


D=k,ApV* : : : (3) 
where D = the drag or resistance of plate in the direction of 
motion. 


The coefficient k, is known as the drag coefficient; it varies 
with the type of plate and the angle of inclination and is 
determined experimentally. 

The point on the surface through which the resultant force P 
acts is known as the centre of pressure. 


Equations (2) and (3) are also used in the form 


A 2 

1 = 0,400 

2 

= p= 0,427 


Hence, the values of C, and C, are twice those of k, and k,. 
If the drag is due to friction only C, is sometimes written C,. 

This problem of the fluid pressure on an inclined surface or 
plate frequently occurs in practice. The flat plate is the same 
in principle as an aeroplane wing, in which case the force L is 
the lift of the wing and D is its drag or resistance; a large part 
of the horse-power of the aeroplane is absorbed in overcoming 
this drag of the wings. 

The propelling force on the main sail of a yacht, when tacking, 
is another example of this problem, the sail corresponding to 
the flat plate. Other examples of this problem are found in the 
flying of a kite, the turning force on the rudders of ships and 
aeroplanes, the dynamic lift on an airship or hydroplane, and 
the driving force of propeller and fan blades. 


EXAMPLE. 

A flat plate 4 sq. ft. in area is immersed in a fluid stream and inclined to 
the direction of motion. Find the force on the plate in a direction normal 
to that of the stream and also the resistance of the plate in a direction paralle) 
to the stream— 

(1) If the fluid is air; 

(2) If the fluid is water. 
The velocity of the fluid stream is 20 ft. per sec., k, = -2,k, = -05, weight 1 
ou. ft. of air = 081 lb., weight of 1 cu. ft. water = 62-4 lb. 
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(1) For air, 
Using Equation (2), L = k,ApV* 


‘O81 
cea OPT NS ee 2 
=a 
= +805 lb. 
Using Equation (3), D = k,ApV? 
oo Soe eae me 
= +201 Ib. 
(2) For water, 
L = bk Apr 
62-4 
= "2X 4X g55 X 208 
= 620 lb. 
D =k, Ap¥* 
62-4 
= -05 X 4 X z5 X 202 


32-2 
= 155 lb. 


159. The Aerofoil. It was shown in Art. 158 that a fluid 
stream acting on an inclined flat plate causes a force L on the 


ie. SSS 


B 


Fre. 197.—Cross-SkCTION OF AN AEROFOIL 


plate in a direction normal to the fluid stream, and a drag D 
on the plate in a direction parallel to the stream. The force L 
can be increased by substituting for the flat plate a plane 
having a cross-section of the type shown in Fig. 197; such a 
section is known as an aerofoil. 

Aerofoil sections vary in shape according to the work 
required of them.* Although the function of an aerofoil is the 


* Por more advanced work on the aerofoil see Aerofoil and Airscrew Theory, 
by H. Glauert, M.A. (The University Press, Cambridge). Also, see Bairstow’s 
Applied Aerodynamics and Piercy’s Applied Aerodynamics. For elementary 
work on this subject ses Elementary Applied Aerodynamics, by Whitlock. 
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same as that of a flat plate, it is more efficient in its action, 
because it produces a larger force L and a smaller drag D when 
acting under similar conditions. Most of the force L is due to 
the negative pressure on the upper face. 

The edge A of the aerofoil (Fig. 197) is known as the leading 
edge; the edge B as the trailing edge. The dotted line AB is 
known as the chord; this is the projected length of the aerofoil. 


Negative Pressure 
Gradient 


y of Pressure 
Upper Face) 


( 


Positive Pressure 
Gradient 


Intensit. 


A 


Intensity of Pressure 
(Lower Face) 
[a 
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The inclination « of the chord AB to the direction of motion 
of the aerofoil, or of the fluid stream, is known as the angle of 
incidence or angle of attack; by varying this angle the values 
of L and D are altered. 

The distribution of the intensity of pressure around the 
surface of a particular aerofoil is shown in Fig. 198; these 
pressures were obtained* by measurements during a test on an 
aeroplane wing of this section whilst in flight. It will be 
noticed that there is a large negative pressure on the upper 
surface, which accounts for most of the lift. 


* These results are due to Stiiper. 
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length of chord AB in feet 

longitudinal length of aerofoil in feet (measured in 
horizontal plane perpendicular to AB) 

V = relative velocity of fluid stream to aerofoil in 

ft. per sec. 


<= 
© 
oe 
~ oO 
lll 


A = projected area of aerofoil in sq. ft. 
cxl 


Il 


The position of the centre of pressure of the aerofoil is also 
of importance in design. This is the point of application of the 
resultant force P (Fig. 196) and it varies with the angle of 
incidence. 

The equations of Art. 158, which were derived for a flat 
plate, can be applied in the same way to an aerofoil. Then, 
force on aerofoil normal to direction of fluid stream 


EAN ~ 
and resistance, or drag, of aerofoil 
D e ApV2 
Horse-power expended in overcoming resistance 
DEV 
= 550 , : : ; ; (1) 


The total resistance and lift of the wings of an aeroplane can 
be calculated from these equations; in which case / is the 
length of both wings. If D, is the drag of the fuselage and the 
remaining parts of the structure other than the wings, then, 
total horse-power required to overcome drag 


OS. 
550 


160. Characteristics of the Aerofoil. The chief characteristics, 
or properties, of a particular aerofoil are the values of its 
constants k,, kp and the position of its centre of pressure C’,. 
These vary with the angle of incidence, and are determined 
from wind tunnel tests carried out on an aerofoil of the shape 
considered, the tests being repeated for varying values of «. 

The values of these characteristics for a well-known aerofoil 
section (R.A.F. 31) are shown plotted in Fig. 199 on a base 
representing the angle of incidence «. The ratio of lift to drag, 
or L/D ratio, is also shown plotted in this figure. The position of 
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the centre of pressure is given as a fraction of the chord from 
the leading edge. 

It will be noticed from these curves that the drag coefficient 
of this aerofoil is a minimum when « has a value of — 6°. The 
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maximum value of the lift-drag ratio occurs when « = - 1°; 
this is the most efficient angle for the aerofoil. It will be 
noticed from the centre of pressure curve that the position 
of C, moves towards the leading edge as the angle of incidence 
increases. 

Similar sets of curves are determined for the hundreds of 
different aerofoil sections used in practice; these are published 
in the various aeronautical handbooks,* and the official aero- 
nautical publications of most countries. 

Although the curves of Fig. 199 were produced by test in an 

* See Handbook of Aeronautics (Pitman), R. & M. Reports (Air Ministry), 
N.A.C.A. Reports (U.S.A.). 

14—(T.5167) 
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airstream for the purpose of providing data for the design of 
aeroplane wings, similar results would be obtained for an 
aerofoil immersed in a stream of other fluids, including water. 

The aerofoil is also used to form a cross-section of propeller 
blades; the thrust of the blade corresponding to the lift of 
the aerofoil. 


EXAMPLE. 

An aeroplane wing consists of an aerofoil section of the type given in 
Fig. 199. It has a length of 20 ft., a chord of 4 ft. and is driven at a speed of 
150 m.p.h. Calculate the lift, drag, and horse-power required for this wing, 
when the angle of incidence is 4°. Find also the position of the centre of 
pressure at this angle. Weight of 1 cu. ft. of air = -08 lb. 


Using the curves of Fig. 199 and reading the values when 
14, 


bol 
lin == 028 
C,. = 3 of chord. 
Now, Ain Cet 
= 4 X 20 = 80'8q. ft. 
88 
l= T 30 = 220 ft. per sec. 
Using the equations of Art. 159, 
=k Ae 
= a SCION a x 220? 
32:2 
= 3600 lb. 
Dy ead pV? 
= :023 x 80 x oe x 220? 
32-2 
== 221 Ib. p 
221 X 220 
H.P. = 550 = 88-5 


Position of C, = +3 xX 4 
= 1-2 ft. from leading edge. 


161. Aerofoil Blading for Turbines. In Chapter X the 
problem of the force on turbine blading was solved from the 
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consideration of the change of momentum of the water stream 
when passing over the blades. Another method of solution is 
obtained by considering the turbine blades acting as aerofoils ; 
the force on the blades and the blade resistance can then be 
calculated from the equations of Art. 159. In order to apply 
this method, the characteristic curves for the blades would 
first have to be obtained from tests. 

_When based on this theory turbine blades are made of a 
suitable aerofoil section, similar to those used for aeroplane 
wings, instead of the concave circular sections at present in 
use. Such blading is known as aerofoil blading. It is possible 
that aerofoil blading may prove to be more efficient than 
circular blading; this can only be proved by test. 

The aerofoil will only give its maximum lift if it is clear of 
any near objects which may interfere with the passing of the 
fluid stream in its vicinity. Hence, the aerofoil blading of a 
turbine must be so spaced that there will be no interference of 
the fluid stream between any two adjacent blades. On the other 
hand, if the blades are spaced too far apart, some of the fluid 
stream will flow freely between them without doing any work. 
Energy will thus be wasted. The exact spacing of the blades 
to satisfy both of these conditions can only be obtained from 
tests. 

Another factor to consider in the design of aerofoil blading 
is the effect of the vacuum pressure on the upper face of the 
aerofoil, shown in Fig. 198. If this negative pressure becomes 
too large, cavitation will occur, thus interfering with the flow 
of the fluid stream. This will reduce the force on the blade 
and, consequently, reduce its efficiency. 

162. Minimum Spacing of Aerofoil Blading. In order to 
investigate the minimum spacing of aerofoil blading in turbines, 
the author tested two model aerofoil sections in a fluid stream 
by means of the Hele-Shaw apparatus. This apparatus consists 
of a film of water flowing between two glass plates. At the 
inlet end of the plates thin streams of coloured liquid are 
injected into the water stream across the whole width of the 
film. If there is no obstruction the coloured streams of liquid 
will flow in straight parallel bands. By placing an object in the 
fluid stream between the glass plates, the deviation of the 
streamlines may be observed from the contours of the colour 
bands. 

The two model aerofoil sections were placed between the 
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glass plates in a parallel position, both having the same angle 
of incidence. Then, by observing the deviation of the coloured 
stream bands, it was possible to see if interference was taking 
lace. 
d A photograph of the stream bands is shown at A in the inset 
facing this page. In the position shown, the spacing of the 
blades has a pitch/chord ratio of -67. It will be noticed from 
the photograph that a slight deviation of the stream bands 
occurs at this ratio; this will cause an interference with the 
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lift and drag when compared with an isolated aerofoil, and must 
be taken into account in the values of the lift and drag co- 
efficients used. 

The criterion for the type of blading of a turbine or compressor 
is specified by the pitch/chord ratio of the blades. If the blades 
are relatively close together, the passage of the fluid is in the 
form of a curved jet and the force on the blade is best 
found from consideration of the rate of change of momen- 
tum of the jet. Such blading is known as “ momentum 
blading” and should be designed by the momentum method 
of Chapter X. 

If the pitch/chord ratio of the blades is large, the passage of 
the fluid between them cannot be regarded, with accuracy, as 
a curved jet. The blades now tend to act as aerofoils in a fluid 
stream, and the work done on them can be obtained from the 
application of the aerofoil theory of Art. 159. This type of 
blading is known as “aerofoil blading.” 
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163. Work Done on Aerofoil Blading. Consider the aerofoil 
blade of an axial flow reaction turbine shown in Fig. 200. The 
velocity diagram at the blade inlet is shown in the figure. The 
water enters from the guide blade with an absolute velocity V 
and at an angle u. The aerofoil blade is moving with a velocity 
v, as shown; the difference between these vectors gives the 
relative velocity V, and its direction 6. As this is the direction 
of the fluid stream relative to the blade, it follows that the 
aerofoil chord should be sloped at an angle of 0 — «, where « 
is the best angle of incidence for the aerofoil section used. 

Let c = length of chord of aerofoil blade, in ft. 
S = length of span of aerofoil blade, in ft. 
= length of blade. 
Then 4 = e¢ X Ssg. ft. 
Let r = mean radius of blade circle, in ft. 
N = No. of blades on runner. 
H = total head of water supplied. 


Q = quantity of water supplied, in cusecs. 
v = mean blade velocity. 
SON 
C, & Op = lift and drag coefficients at angle «. 
A 
Then L = pate En 
C 4 V2 

and D =-= es 


Let F = tangential force on one blade 
= L sin 0 — D cos 0 


=e (Gain 6.0% 00s aa TE A 


oe done ale Te BEN, 
wheel per sec. 
FuN 


Horse-power developed = 550 . ER (2) 
Quantity of water 


) = Q = net axial area of flow x V, 
used per sec. 


= k2arS V; 5 6 e 5 (3 ) 
where k = blade area coefficient. 


Theoretical Tmi FxuvuxwN (4) 
of wheel L wQH à ; 
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In designing the blading the values of Q and H are known. 
The wheel radii, speed and angle 6 are chosen from previous 
experience. Then, from Eq. (3), 


y 


f — k2nrS 


The velocity diagram of Fig. 200 can now be drawn. From 
this is obtained the value of V, and the guide blade angle u. 
The best values of «, C; and Cp are obtained from wind tunnel 
tests on the type of aerofoil used and should be corrected for 
the Mach number of the flow (Art. 198). 

As the water passes over the blade its pressure is falling ; 
this tends to increase the value of V,, but this increase is 
mainly offset by the frictional resistance to the flow. The angle 
6 at discharge is less than that at inlet because the fluid is 
deviated slightly in its passage over the blades. The amount 
of this deviation can only be obtained from tests. It is usually 
arranged that the final discharge of the fluid is as near axial 
as possible.* 

If the length of the blade is considerable when compared 
with the wheel radius, v cannot be regarded as constant over the 
whole length; hence, the shape of the velocity diagram of 
Fig. 200 will vary for different radii. In this case the solution 
is obtained by dividing the blade length into a number of short 
sections and applying the above solution to each section in 
turn. The total horse-power developed by the wheel will then 
be the sum of the horse-powers obtained for each section. 

It will be noticed that as the wheel radius decreases the 
blade velocity at the section considered gets less, as v = wr. 
The effect of this on the velocity diagram is to increase the 
angle 0. This means that the blade is given a twist to a steeper 
angle as it approaches the wheel centre, the angle 0 being 
greatest nearest to the centre. 

EXAMPLE 1. 

A reaction water turbine of axial flow type is fitted with four aerofoil blades 
and has a speed of 120 r.p.m. The mean radius of the blade circle is 5 ft. and 
the blade length, in a radial direction, is 2 ft. The chord of the aerofoil blade 
is inclined at 25° to the direction of motion, and the chord length is 8-2 ft. 
The values of C, and Cp for the angle of incidence used are -7 and -04 respec- 
tively. The turbine is supplied with water under a head of 25 ft. Neglecting 
the area occupied by the blade thickness and assuming a velocity of flow of 


15 ft. per sec., calculate the horse-power developed and the theoretical 
efficiency of the turbine. 


* For an application of this method of solution to an axial flow air 
compressor, see Art. 249. 
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a= Dee x 5 = 62-8 ft. per sec 
60 ; : 
The velocity diagram is similar to that of Fig. 200; this 
diagram can now be drawn to scale. 

From velocity diagram, V, = 36 ft. per sec. 

Chord area = A= 82.72 216 4s0nft. 


; AV ; 
Applying Eq. (1), F= 2 5 [(-7 x sin 25) — (-04 x cos 25)] 


62-4 X 16-4 x 36? 
2X 32-2 
= 5,340 lb. 
Horse-power = a La 
550 
5,340 x 62-8 x 4 
550 


(-2958 — -0362) 


— 2.446 


Me on water | T EGA sc Or a S x Vy 
used 
= 62-4 X 275 XK 2 X 15 
= 58,800 lb. per sec. 


F N 
Efficiency = T a 


__ 5,840 x 62:8 x 4 x 100 
58,800 X 25 


= 91-6 per cent. 


EXAMPLE 2. 


Calculate the horse-power and efficiency of an axial flow reaction turbine, 
fitted with aerofoil blading, from the following data— 


Head = 40 ft. of water Cp = -025 

Outer blade dia. = 20 ft. Chord angle = 0 = 30° to direction of motion. 
Inner blade dia. = 10 ft. Quantity of water used = 6,000 cusecs. 

Speed = 75 r.p.m. No. of blades = 4 

Chord = 13:5 ft. Blade area coefficient = -95 

Cy == 


Assume the blade angle 0 is varied with the radius so that the tangential 
force on the blade is constant over its length. 
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First draw the velocity diagram for the outer periphery of 
the blade; this is similar to that shown in Fig. 200. 


0 = 2nr X T.p.m. 
75 
== Ir X 10% o 78-6 ft. per sec. 
TATRA anes 
6,000 
= Fao? 595 = 26-8 ft. per sec. 
From velocity diagram, 
T AE 
a E A À 
Consider a 1 ft. length of blade at outer periphery. 
A Se S 13:5 6q. ft. 


v= 


= 53-6 ft. per sec. 


Using Eq. (1), 
2 
F= "o (Cz sin 30 — Op cos 30) 
62-4 X 13-5 x 53-6? 


=a E el ane 


= 10,430 lb. per ft. length of blade 


This is assumed to be constant over the whole length of 
blade. Consider a short length of blade dx at radius x, having 
a velocity vg. 


Then, force on short length = F, = 10,430 dx 
Ve — OY 
2775 
Ea 
: SOR 
Work done on short length 
per sec. ee | = Fa X va 
= 10,430 dx X 7-85x 
= 82,000x dx 


Total work done per blade 


10 
a on | = 82,000 | xdx 
P í s 7 5 


g2 
= 82,000 B 


5 
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82,000 
= z (10? — 5%) = 3,075,000 ft. Ib. 
Total horse-power developed| 3,075,000 x 4 
by 4 blades Fp 550 
= 22,320 
: 2 work done per sec. 
Efficiency of turbine = WH x 100 


3,075,000 x 4 x 100 
62-4 x 6,000 x 40 
= 82-1 per cent. 


164. Effect of Blade Pitch on Lift and Drag. The lift 
coefficient curve of Fig. 199 was obtained from a test on an 
isolated aerofoil and would not hold for a series of similar 
aerofoils placed close together in parallel, as on the rim of a 
turbine runner. This is obvious from the position of the 
streambands shown in the inset facing page 410. The effect of 
the interference of adjacent aerofoils on the lift and drag has 
been investigated experimentally by Youssef.* Five model 
Parsons reaction steam turbine blades, of the shape shown in 
Fig. 201, were placed in parallel at a known pitch and were 
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tested in a wind tunnel; the lift and drag of one blade was 
measured experimentally at various angles of incidence. This 
was repeated for other pitches. The lift and drag coefficient 
curves were plotted for each pitch on a base representing the 
angle of incidence. These curves are shown in Figs. 202 and 


* See “Wind Tunnel Experiments on Model Reaction Turbine Blades,” 
by Dr. M. R. Youssef, Engineering, Vol. 153 (1942), p. 138. 
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203. The lift coefficient curve for a single isolated blade 
was also obtained experimentally and is shown plotted in 
Fig. 202. 

It will be noticed from the curves of Fig. 202 that the lift 
coefficient decreases considerably as the pitch of the blades is 
reduced, the maximum value of C, at 4in. pitch being less 


2:0 T in 


Al e 


CL 


ar 


10 20 30 40 50 
Angle of Incidence 
Fie. 202 


than one-half of the corresponding value for an isolated 
blade. From the drag coefficient curves of Fig. 203 it will 
be seen that there is a large decrease in drag as the pitch 
is reduced. 
The model aerofoil used in these experiments had a maximum 
thickness of 1:4 in. and a chord of 9-2 in., and the pitch of the 
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aerofoils was varied between 4 in. and 8 in. during the tests. 
If, in order to obtain a large lift, the 8 in. pitch were used, there 
would be a relatively large space between the aerofoils, in 
which case a considerable quantity of fluid would pass between - 
the aerofoils without giving up much of its total energy. 
Hence, in practice, it is necessary to have several rings of 


Cp 08 


TOO O AOS 
Angle of Incidence 
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blades arranged in series and keyed on a common shaft in 
order to absorb the energy of the fluid. 

By this method the fluid passes through the first blade ring 
causing it to rotate, it is then exhausted on to a fixed ring of 
guide blades which re-direct the fluid at the correct angle on 
to a second ring of moving blades. This is repeated on each 
blade ring of the series until almost the whole of the energy 
of the fluid is absorbed. It will be noticed that in passing 
over the aerofoil blades the fluid loses velocity and pressure 
in overcoming the drag. Then, 
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efficiency of one ) _ _ Work done on blades 
blade ring ~~ loss of total energy of fluid 
PP OP MN 
a eV 


The values of C, and Cp of a turbine blading will depend on 


t 
the ratio of a and on the angle of incidence at which the 
blades are set. The values of C, for various values of ue 


2:0 


1-8 


Pitch 


Chord 
Fie. 204 


ratio have been worked out from the results given in Fig. 202, 
for angles of incidence of 0°, 10° and 20° respectively; these 
pitch 
chord 
ratio. Similar curves for the values of C p are shown plotted in 
Fig. 205; these were obtained from the results given in Fig. 203. 
pitch 
chord 
ratio and angle of incidence for this particular aerofoil can be 
obtained by trial. The values of O, and Op used must be 


are shown plotted in Fig. 204, on a base representing the 


From these curves of Cz, and Op, the best values of 
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corrected for the Mach number of the flow of the fluid relative 
to the blade (Art. 198); this correction is very important if the 
relative velocity is high and has a Mach number exceeding -6. 
Aerofoil blading has been used successfully in propeller 
turbines and in axial flow air compressors for gas turbines. 


O62 04 06 08 10 o 
Pitch 
Chord 
Fig. 205 


Ratio 


165. The Aerofoil Flow Recorder. The aerofoil flow recorder 
is a very sensitive instrument for measuring the quantity of 
water flowing through a pipe or channel. It is based on the 
fact that a freely suspended aerofoil blade automatically 
adjusts its angle of incidence to correspond to the velocity of 
flow of the fluid in which it is immersed. The angle of rotation 
of the aerofoil is thus proportional to the quantity of flow in a 
given channel. If the blade is geared to an automatic recorder, 
such as a drum rotated by clockwork, the angle of incidence 
may be plotted on a time base. This can be calibrated to give 
a continuous record of the flow, plotted on a time base. 

A sectional view of an aerofoil recorder is shown in Fig. 206. 
The aerofoil blade rotates about the vertical axis, the angle of 
rotation being proportional to the velocity of the fluid. The 
rotation is spring controlled, the action of the spring tending 
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to bring the blade back to its zero position. The aerofoil blade 
is mounted on ball bearings immersed in grease. 

The angular movement of the blade is shown in the plan 
view (Fig. 206); it will be seen that the maximum angle of 
rotation is 30 degrees. 
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The turning moment on the blade is caused by the lift of the 
fluid acting at the centre of pressure of the aerofoil; both of 
these quantities will vary with the fluid velocity (Art. 159). 
The aerofoil blade causes a small amount of resistance due to 
its drag. 

EXAMPLES 14. 


The following values of p are to be used in these examples— 


fone ee a g, DRONE 


for water = za ft. lb. units. 
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(1) Using the curves of Fig. 199, calculate the lift and resistance of this 
aerofoil when inclined at an angle of incidence of 2°. The chord is 6 ft., the 
length 32 ft., and the air speed 150 ft. per sec. 

Ans.—1-33 tons; 166-0 1b. 


(2) Using the curves of Fig. 199, calculate the horse-power required by a 
monoplane, having wings of this section, when travelling at 250 m.p.h. 
The area of each wing is 50 sq. ft. and the angle of incidence 6°. Assume the 
propeller efficiency to be 70 per cent, and the air resistance of all parts other 
than the wings to be 30 per cent of the total wing resistance. What is the 
lift at this speed ? 

, Ans.—1155 h.p.; 6-21 tons. 


(3) An axial flow impulse turbine has a mean blade ring diameter of 4 ft. 
and a speed of 150 r.p.m. The runner blades are of aerofoil section of the 
shape given in Fig. 199 and are set with an angle of incidence of 8° to the axis 
of the runner. Assuming the relative velocity of the water impinging on the 
blade is 80 ft. per sec. and that its direction is axial, find the horse-power 
A There are 30 blades each having a chord of 3-5 in. and a length 
of 4 in. 

Ans.—1050 h.p. 


(4) Calculate for the turbine of Question (3), the guide blade angle and the 
head of water supplied. If the runner blades have a maximum thickness of 
4 in., calculate the weight of water supplied per sec. and the hydraulic efficiency 
of the turbine. : 

Ans.—68-5°; 114-7 ft.; 9400 lb. per sec.; 53-5 per cent. 


(5) An aeroplane is travelling at 180 m.p.h. and its rudder consists of a 
flat surface of area 2-5 sq. ft. Find the force on the rudder normal to direction 
of flight when turned through an angle of 30°. Assume k, for a flat surface 
at an angle of incidence of 30° to be 0-35. 

Ans.—142-2 lb. 


(6) The following particulars refer to a propeller turbine having aerofoil 
blading— 

No. of blades = 4; speed = 75r.p.m.; mean radius of blade circle = 
5-75 ft.; length of blade in a radial direction = 2 ft.; blade angle = 49° to 
direction of motion; head of water = 37-75 ft.; velocity of flow = 24 ft. 
throughout; blade area coefficient = -95; C, and Cp at angle of incidence 
used = ‘6 and -025 respectively; length of chord = 18 ft. 

Calculate the horse-power developed and the theoretical efficiency of the 
turbine. 

Ans.—5,100 h.p.; eff. = 76 per cent. 


(7) Calculate the lift obtained and the h.p. required to drive an aeroplane 
at a speed of 350 m.p.h. The chord area of each of the two wings is 80 sq. ft. 
and the air resistance of all parts other than the two wings is equal to 30 per 
cent of the total wing resistance. The propulsion efficiency of the propeller is 
80 per cent. 

The lift and drag coefficients, C, and Cy, at the angle of incidence of the 
flight are -36 and -02 respectively. The atmospheric pressure and temperature 
at the altitude of the flight are 10 lb. per sq. in. and 240°K. respectively. ` 


Ans.—L = 6-56 tons; 1240 h.p. 


CHAPTER XV 
THE BOUNDARY LAYER 


166. The Boundary Layer Theory. When a fluid is flowing past 
a body, or a surface, it can be noticed that there exists a layer 
of fluid adjacent to the surface, through which the variation 
of velocity between the fluid and the surface is transmitted. 
This layer is known as the boundary layer, and the whole of 
the viscous or frictional resistance between the fluid and the 
surface occurs in this layer. 

The layer may be imagined to consist of a number of thin 
parallel stream bands each having a slightly larger velocity 
than its inner neighbour. The band immediately adjacent to 
the surface of the body is found to adhere to the surface and 
has no velocity. Working outwards from the surface, the next 
band has an extremely small velocity; each successive band 
beyond will have a slightly higher velocity than its inner 
neighbour, until, finally, a band is reached which has approxi- 
mately the full velocity of the fluid. This last band is the 
outside limit of the boundary layer; no further fluid resistance 
is transmitted to the surface beyond this outer limit. 

The same reasoning holds if the body is moving in a sta- 
tionary fluid. The boundary layer occurs between any surface 
and fluid which are in contact, and between which there is a 
relative velocity. 

The existence of the boundary layer was first observed by 
Hele-Shaw, but the use of the conception of a laminated 
boundary layer transmitting the fluid resistance to the surface 
is due to Prandtl. 

The flow within the boundary layer may be streamline or 
turbulent, according to the particular problem or to its distance 
from the leading edge of the surface. Sometimes, and under 
certain conditions, the boundary layer will leave the surface 
and curl up into a vortex or whirlpool; this phenomenon is 
known as break-away or separation. 

The thickness of the boundary layer increases with its dis- 
tance from the leading edge in proportion to the square root 
of the distance ; it will depend also on the value of the Reynolds 
number of the body (Art. 139). 

The flow of a liquid past a circular-sectioned body is shown 
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in the photographs B, C and D on the inset facing page 410. 
These are due to Prandtl and were obtained by sprinkling small 
particles of aluminium on the surface of the liquid. The metal 
particles reflect the light and thus enable the streamlines to be 
photographed. In B the boundary layer is adhering to the 
surface throughout. In C the velocity of the stream has been 
increased. In this photograph the boundary layer can be seen 
to have left the surface towards the wake, and vortices are 
` commencing to form; this photograph clearly shows a break- 
away of the boundary layer. In D the speed of the stream has 
been further increased ; an earlier break-away of the boundary 
layer is noticeable, causing the formation of more pronounced 
vortices in the wake. 

The trail of vortices occurring in the wake of a body, after 
boundary layer separation has taken place, is known as 
the Kármán street; these are shown in the photograph, 
Fig. 207. 

The formation of a boundary layer occurs at the surface of 
all bodies immersed in a relatively moving fluid. It also occurs 
on the inner surfaces of short pipes* through which a fluid is 
being transmitted. It is the deciding factor of the magnitude of 
fluid resistance in such problems as pipe flow, flow in channels, 
resistance of ships in water, and resistance of aeroplanes and 
airships. 

167. Variation of Velocity within Boundary Layer. Let Fig. 
208 represent a surface, shown shaded, past which a fluid is 
flowing with a velocity V, and let the band adjacent to the 
surface represent the boundary layer. Consider a vertical 
section ab through the layer situated at a distance x from the 
leading edge of the body. 

Let ô = thickness of boundary layer at section considered 
u = velocity of the fluid within the boundary layer 
at any distance y from the surface 
R, = Reynolds number for the body immersed in the 
fluid 
yıl 
v 
where l represents the linear dimension of the body or surface. 
If the Reynolds number is low, say, less than 500,000, the 


* In long pipes the boundary layers will intersect at the centre of the pipe 
and thus interfere with the flow. 
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flow within the layer is wholly streamline. If the Reynolds 
number is high the flow is mainly turbulent. Usually the 
flow is laminar for a short distance from the nose. This is 
followed by a short length of layer in which the flow changes 
Turbulent 


Laminar Transition Break-away 


Fia. 208 


from laminar to turbulent; in this portion of the layer the 
flow is unstable. The length of this transition portion of the 
layer is found to be about the same Jength as the laminar flow 
portion. If the Reynolds number is greater than 1,000,000, 
fully developed turbulence is obtained , y 
in the remaining length of the layer. 
For a short body the flow within the 
boundary layer may be laminar for 
its whole length. In a long body the 
flow may pass through all three 
stages: laminar, transition, and tur- 
bulent, after which. break-away may 
occur as shown in the figure. 

A curve showing the variation of 
velocity within the layer is shown in 
Fig. 209. If the velocities on any 
section ab (Fig. 208) are measured 
with a pitot tube at perpendicular dis- 
tances y measured along ab, they are - 
found to vary as shown by the curve. Velocity 
In this curve the vertical ordinate Fre. 209.—Vxnocrry VARIA- 
represents the distance y, and the TION ane BOUNDARY 
horizontal ordinate the velocity. The mri 
particular value of y at which the velocity approximately 
reaches the value of the stream velocity V gives the thickness 
of the boundary layer at this section. Or, the thickness of the 
layer is the value of y at which the graph becomes vertical. 
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It is found that the thickness ô varies with 4/x and increases 
towards the trailing edge. 

The boundary layer theory has been applied to a flat plate 
surrounded by a fluid flowing longitudinally. For the portion 
of the boundary layer in which the flow is laminar, the variation 
of velocity at any section through the layer follows the Prandtl- 
Blasius law and is closely represented by the equation— 


OCON 


For the portion of the boundary layer in which the flow is 
turbulent, the velocity distribution on any section is given 
approximately by the equation— 


vo HET 

v (5 ) : : : : : (2) 
This may be written 

u y Y 

T SS (5 ) ° ° ° . ° . (3) 


where n is a constant to be determined experimentally. The 
value of n is found from tests to vary between ; and +, the 
actual value depending on the Reynolds number. 

It should be noted that in the testing of small models the 
Reynolds number is low and the boundary layer flow is usually 
laminar throughout. The boundary layer surrounding full scale 
sea-going ships, submarines, aeroplane wings, and airships is 
mainly turbulent. 

168. Thickness of Boundary Layer. As stated in Art. 167, 
the thickness of the boundary layer increases from the leading 
edge to the trailing edge in proportion to 1/z. Pohlhausen 
deduced the following approximate value for a laminar flow 
past a flat plate— 


5:83 Via | 
fo, —— A Re . ° . . (1) 
Another value for the thickness of the layer was found to be— 
ve 
ô = 4:5 T : : : (2) 


It will be noticed by substituting for R, in Equation (1), 
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that these two equations are of the same type except for the 
difference of the constants. 

The thickness of the boundary layer for turbulent flow past 
a flat plate has been found experimentally to vary between “ 


ô=: 303 ( 7 -) vie : : Plo) 


Tand =" ô=. 18 (5 -) vie el es 


The boundary layer theory has been applied to a large 
American rigid airship* and to a model of the airship of about 
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Fig. 210.—ExPERIMENTAL VELOCITY CURVES FoR A RIGID AIRSHIP 


xiao of the size. The velocities within the boundary layer of the 
airship were measured at several sections by means of pitot 
tubes, whilst the airship was in flight. By plotting these 
velocities on each section line, similar velocity curves to Fig. 
209 were obtained; it was possible to estimate the thickness 
of the layer from these velocity curves. The velocity curves 


* Aerodynamic Theory, Vol. VI. Page 64. 


428 HYDRAULICS 


obtained are shown in Fig. 210. These correspond to the sections 
A, B, C, D, E, and F marked on the airship profile. The 
Reynolds number for the airship at the speed of this test was 
635,000, and its length was 785 ft. 

The boundary layer thicknesses obtained from the curves are 
shown plotted in Fig. 211 on a base representing the longitudinal 
position of the section, expressed as a percentage of the length 
from the nose. It will be noticed that the boundary layer had 
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Fie. 21]1.—Bounpary LAYER THICKNESS FOR RIGID AIRSHIP 


a thickness of about 40 inches at 75 per cent of the length 
from the nose. 

A model of this airship was similarly tested in a wind tunnel 
and the boundary layer thicknesses were obtained in the same 
manner. These are shown plotted in Fig. 212, the thicknesses 
being expressed as a percentage of the length. The thicknesses 
obtained from an experiment on a flat plate of the same 
Reynolds number are also shown plotted in this figure. It will 
be noticed that the variation is slight between the results for 
the airship model and those of the flat plate, except at the 
extreme tail where there is considerable discrepancy. 

The boundary layer thicknesses obtained from the model do 
not correspond with those obtained from the actual airship, 
on account of the difference in the Reynolds number of the 
two tests. i 

If the curve of Fig. 211 is assumed to follow the law of 
Equation (3), the constant-of this equation for an actual 
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airship can be obtained by plotting the values of 6 and al = of 


l 
this curve. This has been done in Fig. 213 and a straight line, 
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passing through the origin, has been drawn representing mean 
of the points obtained. 


From Equation (3) 


aly J 4 (where k is a constant) 
CPA 
Rea 


Wrom whieh P= X 
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Substituting the values of R, and l for the airship, and the 


F from Fig. 213, 


values of ô and 


(635,000)? 43 
> cai shpat 


= -0662 


Hence, an approximation tor the boundary layer thickness 
for this airship is 
NE 
ô= 0662 (=) Vax 
For the value of R, of this test the boundary layer flow was 
probably between laminar and turbulent over most of the 
length, as the results do not agree with either type of flow. 
The variation in thickness of the boundary layer of a model 


Oe 
O10" 20° “30 50 60 70 80 90 100 


40 
afl per cent 
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of a British airship is shown by the curve of Fig. 214. This 
was obtained from the tests mentioned in Art. 170. The graph 
at first follows the square root curve A. At about 20 per cent 
of the length there is a rapid thickening of the boundary layer 
as the flow changes from laminar to turbulent, after which 
the graph follows the turbulent curve B. At about 70 per cent 
of the length the graph becomes steeper on account of a further 
rapid thickening of the layer, due to irregularities of the flow 
at the tail. 


Millikan found that the thickness of the boundary layer on 
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a curved surface differs from that of a flat plate. A curved 
surface, such as a streamline body, produces a thinner layer at 
the nose and a thicker at the tail. This is demonstrated by the 
deviation of the points from the straight line in Fig. 213. 

In the above, the airship was chosen as an example on the 
application of the boundary layer theory because of the con- 
siderable amount of existing data which is available from 
airships and airship models. 

169. Drag Coefficients from Boundary Layer Theory. The 
resistance of a body based on the boundary layer theory can 
be obtained from Equation (3), Art. 158, if the drag coefficient 
is known. Attempts have been made to obtain expressions for 
the drag coefficients for a flat plate, and to apply them as in an 
aerofoil problem. This drag coefficient will give the total 
resistance of the body, and includes the effect of the surfaces 
of both sides. í 

It is found that the drag coefficient for laminar flow varies 
with JE (Art. 171.) 

For laminar flow Blasius found the drag coefficient to be 
given by the following equation— 


l 
7 1327 E pays CO 
then, D = k ,ApV? 


For turbulent flow, the drag coefficient for a flat plate was- 
found by Kármán to follow the equation* 


k, = vzg) hh ot E 


The following equations for k, for a flat plate have been deduced 
from experimental results; it is found to vary between— 


k, = 072 (z) 
1\ 
and k, = :0375 (x) ; : ; (3) 
The following tablet gives a summary of the values of k, 
for a flat plate compared with its Reynolds number. It should 


* See also Art. 172. 
t See Aerofoil and Atrecrew Theory, by GLAUERT. 
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be noted that the change from laminar flow to turbulent flow 
causes an increase of drag— 


R, 3 xX 105 108 tf oe 
Experimental +0057 -0047 -0035 
Kármán 0058 -0045 -0031 
Blasius -0024 -0013 -0005 


Curves showing the complete results of tests on flat plates 
for a large range of values of R, are shown in Fig. 215. These 
curves were obtained by plotting log k, against log R., both for 


20 
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Fie. 215.—RELATION BETWEEN DRAG COEFFICIENT AND 
REYNOLDS NUMBER 


laminar flow and turbulent flow. If these curves are assumed 
to approximate to straight lines, the value of k, and the index 
n can be obtained from the equation— 


log k, = log k-n log R, 


Having calculated the values of k and n from the graphs, the 
equation for k, will be of the form— 


i Nc i 
k= k(x) 
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The equation for the laminar flow curve is found to be— 


EANi 
| eet 1-327( z) 


The equation for the turbulent flow curve differs throughout its 
range as it is not actually a straight line. It is found to vary 
from 


ae 
se? Ai (=) for the low values of R, 


to ky = +0375 (z ) for the high values of R,. 

The line ab (Fig. 215) was obtained from the results of tests 
on an airship model. The point A represents the result of a 
test on an actual airship. These results demonstrate the great 
possibilities of the boundary layer theory for the prediction of 
the drag of any object. The curves of Fig. 215 hold over a 
very large range, the size of the airship in question being about 
250 times that of the model. 

The drag of large objects such as sea-going ships, submarines, 
and airships can be measured experimentally by means of 
deceleration tests. The ship is run at a high speed and the 
engines are then shut off; the time taken to reduce the speed 
by a measured amount is then noted. As this deceleration is 
entirely due to the fluid resistance, the value of the drag is the 
decelerating force. Or, 


D = mass x deceleration 
Bees Vs) 
oor ey ae 


where V, and V, are the initial and final velocities, and t is the 
time in seconds in which this reduction in speed took place. 
170. Variation of Pressure within Boundary Layer. The 
variation of pressure within the boundary layer is important 
as a positive pressure gradient* may be the cause of a break- 
away. The velocities and pressures within the layer have been 
measured in a wind tunnel} for the smooth streamline model 


* See Fig. 198 for definition of positive and negative pressure gradients. 
+ These results are from Aerodynamical Research and Hydraulic Practice, 
by A. Fage. Proceedings of Inst. of Mechanical Engineers, Vol. 130; 1935. 
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shown in Fig. 216. The velocity curves for various sections are 
shown plotted in the figure; from these curves the boundary 
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layer thicknesses were obtained and are shown, drawn to scale, 
on the profile of the model. 

The intensity of pressure within the layer is shown plotted 
on a base representing the length of the model. It will be 
noticed that there is a high positive pressure at the nose, but 

, this soon changes to a negative pressure. This causes a local 
flow of air past the model, from nose to tail, which increases 
the relative velocity of the air. At the tail the pressure becomes 
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positive again. It is found that break-away is liable to occur 
within a portion of the length where a positive pressure gradient 
exists, and it may occur during a laminated or turbulent type 
of flow. A turbulent boundary layer can move up a steeper 
pressure gradient, without break- 
away occurring, than a laminar 
layer. 

The variation of k, throughout 
the length of the model is also 
shown in Fig. 216. 

Break-away of the boundary 
layer on an aeroplane wing causes 
a sudden reduction in the value of 
the lift coefficient, which may cause 
the aeroplane to stall. This is illus- 
trated by the shape of the lift 
coefficient curve shown in Fig. 217. 
This break-away can be delayed 
by the use of slotted wings.* | ot 

- Within a laminar flow layer, the Fia. 217 

transmission of momentum from 

the faster moving bands to the slower is carried out by viscosity. 
In a turbulent layer the transmission of momentum is made 
by particles of higher velocity moving inwards and giving up 
their momentum by collisions. Break-away at any section is 
due to the fact that the energy of the resistance at this section 
cannot be absorbed fast enough by the layer. Under such con- 
ditions break-away will occur, and the energy will then be 
dissipated in the vortices formed. This is more liable to occur 
with short bodies. F 

Fig. 218 shows the velocity curves within the boundary 
layer, on several sections, which were obtained during a test 
on a surface in order to examine the cause of break-away. 
It will be noticed that break-away has commenced to the right 
of the fourth section. In the break-away area the velocity 
diagrams show a reversed current of fluid occurring near the 


*See Art. 241 for methods of controlling boundary layer flow. 
+ For further details of the boundary layer theory the reader is referred to 
the following works— 
Aeronautical Research Committee Reports and Memoranda No. 1664. 
Notes on Boundary Layer Flow, by H. B. Squire, M.A. 
Aerodynamic Theory (6 vols.). Published in Berlin by Julius Springer. 
(Printed in English.) See Vols. III and VI. 
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surface. This is the commencement of the formation of the 
vortex, and as the flow is from right to left it denotes the 
existence of a positive pressure gradient. 

171. Drag Coefficient for Laminar Flow. The drag coefficient 
k, for a flat plate, due to laminar flow, can be obtained by using 
Pohlhausen’s value for the thickness of the laminar boundary 
layer (Eq. (1), Art. 168). The velocity distribution within the 
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Fig. 218. VELOOITY Across BOUNDARY LAYER 


layer may be assumed to follow the Prandtl-Blasius law which 
is approximately represented by Eq. (1), (Art. 167). 

Referring to Fig. 219, consider a section through the layer 
at x from the leading edge. The frictional drag occurring 
between the leading edge and this section is equal to the rate 
of change of momentum of the layer up to this section. 

Consider a thin band of the layer at a distance y from the 
surface; let dy be the thickness of this band and w its velocity. 
Owing to the disturbing effect of the surface, the velocity of this 
band has been reduced from V to u; this loss of momentum is 
caused by the drag on the surface over the length x. By 
imagining the boundary layer to consist of similar bands, the 
total change of momentum throughout the layer can be 
obtained by integration. 


Let b = breadth of plate 
l = length of plate 
Drag per side over length x due to thin band 


= mass per sec. X change of velocity 
= pbdyu(V — u) 
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Total drag on length x due to both sides of plate 
ô 
= D, = 2pb | u(V — u)dy 


ô 2 
Drar f 5-5) jay Sh ee a ah 


Substituting the value of = = y for laminar flow from Eq. (1) 
(Art. 167) 


xl e 
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mass 
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Substituting in Eq. (1) and integrating in terms of y between 
the values of y = ô and y = 0, 
e 48 — 46 + R) 


Substituting for 6 from Pohlhausen’s value for laminar flow 


G3, (2), Ary 108), 
eee yi V 
sg? VR, 


V lax 
== 1-369 pb V2 —= 
AR 


The drag for the whole plate is when = u then, 


bl 
total drag for whole plate = D = 1-369 a e E2) 
But, from Eq. (3), Art. 158, 
DESTAV A 
where A = projected area of chord 
== "bl 
Hence, from Eq. (2), 
1 \ 
ky = 1-369 (z) wu See eee O) 


which is in close agreement with Blasius’s equation (Eq. (1), 
Art. 169). 
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172. Drag for Turbulent Flow. The drag on a flat plate due 
to a turbulent boundary layer can be calculated from the rate 
of change of momentum within the layer. It will be assumed 
that the velocity distribution within the layer is given by 
Equation (2), Art. 167, and the thickness of the layer is given 
by Equation (4), Art. 168. 

Referring to Fig. 219, consider a section through the layer 
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at a distance x from the leading edge. The frictional drag 
occurring between the leading edge and this section will equal 
the rate of change of momentum of the layer up to this section. 
Consider a thin band of the layer at a distance y from the 
surface of the plate; let dy be the thickness of this band and u 
its velocity. Owing to the disturbing effect of the surface, the 
velocity of this band has been reduced from V to u. This loss 
of momentum is caused by the drag over the whole length x. 
By imagining the boundary layer to consist of similar bands, 
the total change of momentum throughout the layer can be 
obtained by integration. 


Let b = breadth of plate 
l = length of plate 
Drag per side over length x due to thin band 
= mass per sec. X change of velocity 
= pbdyu(V -u) 
Total drag on length x due to both sides of plate 


ô 
=D, =2pb | u(V-u)dy 
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But, from Equation (2), Art. 167, 


ò 
Hence, D, = 2 pb Pale ( 
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But, from Equation (4), Art. 168, 
1\ 
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Substituting this value of 6 in Equation (2), 


De = -035( 5 Job V2 Via 


The drag for the whole plate is when x = 1; 
then, total drag on whole plate 


= 035 (+) ple y2 ; i ee tC) 
But, from Equation (3), Art. 158, 
Dek pa y= 
where A = bl = projected area on chord 


Hence, from Equation (3), 


k, = -035 (z) We, ag E S 


It will be noticed that Equation (3) is of the same form as 
Equation (3), Art. 169, and agrees with the experimental 
results given in the table of Art. 169. 

If the velocity distribution within the Lo had been assumed 
to follow the “4 power law” instead of + power, an equation 
the same as Equation (2), Art. 169, is obtained. 

15—(T.5167) 
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EXAMPLE. 


What is meant by ‘‘boundary layer’’? 
A roughened thin board 1 ft. wide and 8 ft. long moves at 10 ft. per sec. 
in water. Hach boundary layer is 3 in. thick at the rear end of the board, and 


u D) 
AO 


Find the resistance and express it—(a) in lb., (b) as a pure number inde- 
pendent of ð. (London Univ.) 


Transition Laminar Sub-/ayer 


Fie. 220.—THe LAMINAR SUB-LAYER 


(a) Using Equation (1) and substituting the power of } in 
place of +, 


Drag = 2 pb ve ({(E)-(8 yt dy 


== x 
== 12-93 lb. 


(6) Using the equation 
Drag = k p AV? 
where A =I 


hence, k, S 


ly 293 9.92.0 
~ 62-4 x 1 x 8 x (10)? 
= ‘00834 


173. The Laminar Sub-layer. In a turbulent boundary layer 
a narrow portion of the layer, adjacent to the surface of the 
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body, is found to be of a laminar type of flow and is a continua- 
tion of the laminar boundary layer commencing at the leading 
edge (Fig. 220). This thin laminar layer occurring within a 
turbulent layer is known as a laminar sub-layer. It has an 
important effect in problems dealing with the roughness of the 
surface, and with the flow of heat between the surface and a 
fluid in contact with it. 

A surface is said to be aerodynamically smooth when the 
_ projections due to its roughness do not penetrate beyond this 
laminar sub-layer. If the surface is sufficiently rough that its 
projections extend beyond the laminar sub-layer into the 
turbulent layer, there is caused a thickening of the turbulent 
layer and a corresponding increase in the frictional resistance. 


0-8 


SS 
D 


frictional Drag 
(lb. per sq. ft) 
S > 
S Š 


-0001 ‘001 ‘07 
Roughness Scale k, inches 


Fig. 221.—Errect or ROUGHNESS ON FRICTIONAL DRAG 


The drag due to a turbulent layer is, therefore, unaffected by 
the roughness of the surface, providing projections due to 
roughness do not protrude above the Jaminar sub-layer. The 
permissible roughness of surface is thus limited by the thick- 
ness of the laminar sub-layer. 

The effect of the surface roughness on the frictional drag has 
been investigated experimentally by Nikuradse and Prandtl.* 
They have deduced the following empirical law— 

; = 200V v0, 
where k represents a scale of roughness in inches, V is the fluid 
velocity in m.p.h., and ©; is the frictional drag coefficient. The 


* See paper, Profile Drag, by Melville Jones in the Proceedings of the 
Royal Aeronautical Society, 1937; and Aerodynamic Theory, Vol. III. 
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term C; is the same coefficient as used in the continental drag 
formula*— ApV? 
Frictional drag = C,- b 


and is consequently equal to twice the value of k,. 

The variation of the frictional drag of a flat plate. with the 
roughness of the surface is shown by the experimental curve of 
Fig. 221. In this curve the drag per square foot has been plotted 
on a base representing the roughness scale k in inches. The 
fluid velocity of this test was 200 m.p.h. and the plate had a 
length of 10 ft. The surface of the plate was varied during the 
tests to conform with different degrees of roughness. 

In this test the limiting value for aerodynamic smoothness 
was when k = :0005in. It will be noticed from the curve 
that the rapid rise in the value of the drag did not commence 
until k = -0007 in. 

For low values of k the frictional drag remained constant, as 
denoted by the horizontal portion of the curve; evidently the 
surface was aerodynamically smooth over the range represented 
by this horizontal portion. 

174. Methods of Obtaining True Dynamical Similarity. It 
was shown in Arts. 145 and 146 that it is possible to predict the 
resistance of a large body by testing a small model of the same 
shape. This can only be done if there is dynamical similarity 
between the body and the model. It was shown that true 
v 


Iw 


dynamical similarity occurs when such factors as or = are 
the same for both body and model. 

In the case of surface ships, true dynamical similarity for 
wave resistance can be attained between the ship and the 
model, because the required corresponding speed for the model 
is within practical possibilities. For this type of resistance it 


was shown that if 
Ja = fF (Art. 146.) 


Hence, the required model speed is less than that of the large 
craft under consideration. 
In a test for frictional or viscous resistance, the corresponding 
speed of the model is given by the equation 
L Vm 
Um = VX Et x a (Art. 146). 
* See Art. 158. 
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Hence, if the model is tested in the same fluid as used for the 
large craft, the corresponding speed is very high, and, conse- 
quently, unattainable.* This difficulty can be overcome by 
testing the model in a fluid of lower viscosity or of a higher 
density, thus reducing the corresponding speed. 

It is the latest practice to test models of aeroplanes and 
aeroplane wings in wind tunnels containing air compressed to 
25 or 30 atmospheres. This causes alterations in the density 
` and coefficient of viscosity of such magnitudes that the ratio 


Vm 2 ° . 
TILG sufficiently reduced to make the corresponding speed a 


practical amount. In this way tests for frictional resistance 
with true dynamical similarity are made possible. Compressed 
air wind tunnels, of 6 ft. diameter, have been constructed for 
this purpose. 

When compressed air wind tunnels are not available for 
model testing, or when speeds up to 100 m.p.h. only are 
possible, dynamical similarity cannot be attained, as the air 
speed is too low; hence, some other device must be used for 
predicting the resistance of the craft. The equation for the 
resistance of the full-sized craft and of the model will be of 


the form D=k,p AV? 


If the model is tested at any convenient speed and the value 
of its k, found from the test, this value cannot be used to 
predict the resistance of the full-sized craft because the speed 
of the test was not the corresponding speed to give dynamical 
similarity. In order to find the value of k, for the large craft 
it is necessary to investigate the variation of k, with the 
Reynolds number R,. In order to do this, the model is tested 
with various values of R, and each corresponding value of k, 
calculated. A curve with k, and R, as ordinates is then plotted. 
Then, by extrapolating, the value of k, for the same Reynolds 
number as the large craft can be obtained. 

This variation of k, with Reynolds number is known as the 
scale effect. 

175. Comparison of Fluid Flow Theories. A comparison may 
now be made of the fluid flow theories which have been dealt 
with in previous chapters. This involves a comparison of the 
following equations. Let the symbol V represent velocity. 


* A wind tunnel has been constructed in U.S.A. having an air speed of 
800 m.p.h., and a jet diameter of 6 ft. 
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(1) FROUDE. 
Resistance = f’AV? (Art. 63). 
(2) CHEzy. 
4flV? : 
=e . 67. 
hy oad [Equation (3), Art. 67.] 


(3) Viscostry FORMULA. 
e = o(*y [Equation (8), Art. 140.] 
pV? v 
(4) BOUNDARY Layer THEORY combined with DRAG 
FORMULA. 
D =k,p AV? [Equation (3), Art. 158.] 


where k, =k (z) [Equations (1), (2) and (3), Art. 169.] 


k being an experimental constant. 

It will be noticed that the drag formula of (4) is the same 
equation as Froude’s if 

7 ‘= kp. 

The Chezy formula was built up from Froude’s assumptions 
and is merely another form of Froude’s equation. 

It was shown in Art. 158 that the viscosity formula of (3) is 
the same as the Chezy formula if the Chezy constant f is equal to 


20(— $ 
v 


d 
Substituting for R, = (= Jin the above equation, 


then, TOEA 
which is of the same form as the equation for k, in the boundary 
layer theory. 


The viscosity formula (3) may be written 
Resistance per sq. ft. _ 


y = O(R,)" saad a 
But, DEEPA 
hence, Resistance per sq. ft. = z = eA 
Substituting this in Equation (1), i 
kp V? X 
Pia (R.) 


from which kp = C(R,)* ; ' (2) 
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Hence, it follows that the Viscosity Equation of (3) is of the 
same form as the boundary layer'equation, except for the 
values of the constants C and n. The constants of the viscosity 
equation are given in Art. 158. These were obtained from 
analytical results and experiments on pipe flow respectively, 
and were found to be— 

For laminar flow, C= 830-1 

For turbulent flow, C = -032, n = -23 


Substituting these values in Equation (2) 


l 
(a) for laminar flow, k, = 8 (z) 


but the boundary layer theory gives this value for a flat plate as 


, 


1 \t 
Ke — Jon (x) [Equation (1), Art. 169.] 


which is not of the same form. 
(6) For turbulent flow, substituting the values of C and n in 


Equation (2), 1 \23 

k i = -032 ( z) 
which compares favourably with the Boundary Layer Equa- 
tions for a flat plate, namely— 


$ 
bi = 072 (z) [Equation (2), Art. 169.] 


1 \ 
and b= EA (x) [Equation (3), Art. 169.] 


A summary of these comparisons is given in the following 
table— 


EQUIVALENT VALUES OF k, IN TERMS or R, 


Type of Flow Froude and Poiseuille and Boundary Layer 
Chezy Stanton-Pannell Theory 
i 8 l 1:327 a 
Laminar a constant (x ) R, 
1 \:23 PAs 
Turbulent a constant 032 (x) 072 Ge) 


to -0375 (E) 
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From this comparison it will be seen that the correct fluid 
resistance, which depends on the Reynolds number and on the 
thickness of the boundary layer, is given only by the Boundary 
Layer theory. The Froude and Chezy formulae use the same 
constant for all types of flow and for all values of R,; conse- 
quently, they hold over a very limited range. The Viscosity 
equation takes into account the variation of R, and the type 
of flow, but does not allow for the varying thickness of the 
boundary layer; hence, the range of its constants are also 
limited. The Boundary Layer theory, as it allows for the 
variation of R, and of the thickness of the layer, gives accurate 
results over a large range. 

For the practical design problems of civil, mechanical and 
shipbuilding engineering, the results obtained from the Froude 
and Chezy equations are of sufficient accuracy. It is impossible 
to calculate the exact resistance of water pipes, when the 
lining is of varying roughness when new, contains irregu- 
larities at the joints, and is usually covered after use with 
encrustation and fungus of varying amounts. The resistance 
of a ship will also vary; its surfaces may be newly painted 
or they may be covered with variable amounts of fungus or 
other organic growths. These unavoidable changes make it 
impossible to apply any equation with close accuracy. 

In aeronautical and other more scientific design problems the 
surface conditions are more constant; also, it is important that 
more exact calculations be made on account of the high 
degree of accuracy required. 


EXAMPLES 15. 


The following values of p and v are to be used in these examples— 


. 075 
for air, p= rs ft. lb. units; v = -000167 ft. lb. units 
62-4 g i 
for water, p = ay ft. lb. units; v = -0000108 ft. lb. units 


(1) A fluid is flowing past a flat surface with a velocity of 30 ft. per sec. 
If the thickness of the boundary layer at a certain section is 2-5 in., find the 
velocity within the layer at a distance of 1-5 in. from the surface. Assume 
the flow is turbulent and that the velocity variation within the layer follows 
the “+ power law.” (Equation (2), Art. 167.) 


Ans.—27-9 ft. per sec. 


(2) Calculate the Reynolds number and the thickness of the boundary 
layer of a flat plate, moving through water with a speed of 20 ft. per sec., at 
a section 15 ft. from the leading edge. The length of the plate is 60 ft. Assume 
the “+ power” law. (Equation (4), Art. 168.) 


Ans.—1-11 x 10°; 4-6 in. 
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(3) Calculate, from the Boundary Layer theory, the Reynolds number and 
the drag coefficient for a flat plate 3 ft. long immersed in an air stream of 
60 m.p.h. Assume the “+ power” law to hold. (Equation (2), Art. 169.) 
If the plate is 6 in. broad, find the total resistance at this speed. 


Ans.—R, = 1-58 x 10®; ky = :00417; D = -133 Ib. 


(4) Using the Boundary Layer theory, calculate the Reynolds number and 
the drag of the hull of a large airship when travelling at a speed of 60 m.p.h. 
The length is 812-7 ft. and the diameter 135-4 ft., giving an area on chord of 
91,000 sq. ft. Use the “+ power” law for the value of kp. (Equation (8), 
Art. 169.) Find also the horse-power required to overcome the hull drag at 
_ this speed. 

Ans.—R, = 4:28 x 108; ky = :00219; 577 h.p. 


(5) During a series of tests on a model in a wind tunnel the following values 
of kp were obtained for the given values of R, in order to obtain the scale 
effect. 

R, 126,000 224,000 631,000 1,728,000 
i -00398 -00251 -00158 -00100 


By plotting these values and their logarithms, find by extrapolating, the 
value of k, for the full-size object, the value of its Reynolds number being 
4-467 x 108. 

Ans.—-:000631. 


(6) Define ‘“‘boundary layer.” A thin plate 6 ft. long and 1 ft. wide moves 
at 10 ft. per sec. through water. The boundary layer is 2 in. thick st the rear 
end of the plate and the velocity distribution is approximately 


v7 G) 


Find the resistance of the plate and express it (a) in pounds, (b) as a pure 
number independent of ô. (London Univ.) 
Ans.— 8-62 lb.; -0074. 
(7) What is meant by “‘boundary layer” ? 
Water flows at 15 ft. per sec. past a thin rough board 1 ft. 6 in. wide and 
12 ft. long. The boundary layer is 4in. thick at the downstream end of the 
board. Neglecting pressure variations and assuming 


On 


within the boundary layer, find the drag and express it (a)in lb.; (6) as a 
pure number independent of 6. (London Univ.) 
Ans.—51:8 lb.; -00662. 


(8) A ship-shaped body is immersed in a current. Sketch the general 
outline of the lines of flow past the body (a) at very low speeds, and (b) at 
high speeds. State briefly how the resistance depends upon the velocity, 
density, and viscosity of the fluid in each case. (I. Mech. E.) 


CHAPTER XVI 
COMPRESSIBLE FLUIDS 


176. Properties of Gases. Problems dealing with the pressure 
and flow of gases are more complex than those applied to 
liquids. As a gas is easily compressible, in comparison with a 
liquid, the variation in its density is considerable. It is this 
variation in density which complicates the calculations on 
gas flow. 

The behaviour of gases under changes of temperature, 
pressure, and volume is governed by several well-known laws, 
all of which have been verified experimentally. 

Let p = pressure of gas in lb. per sq. ft. 

V = volume in cu. ft. 
t = temperature as measured by a thermometer 
T = absolute temperature 
= t + 273 degrees C. 
= ¢ + 460 degrees F. 
p = density of gas 
w = weight per cu. ft. of gas 
= pg 


Then, volume 1 lb. of gas = = cu. ft. 


Let K, and K, = specific heats at constant pressure and 
constant volume in ft. lb. units 
y = ratio of specific heats 
K, 
K, 
J = Joule’s equivalent of heat 
= 1400 ft. lb. per degree centigrade 
= 778 ft. lb. per degree Fahrenheit 
E = internal energy of llb. of gas reckoned 
above O° C. or 32° F. 
Let suffix 1 represent the initial condition of the gas and 
suffix 2 the final condition. 
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Boyuez’s Law. This law states that if a gas is expanded or 
compressed at constant temperature the product of its pressure 
and volume at any instant is a constant. Or, 


p x V = a constant 
then, Pı Vi = PV 
CHARLES’ Law. If a gas is expanded or compressed at con- 
stant pressure, then 


= a constant 


Sl 


If the change takes place at constant volume, then 
bye: 
Te constant 


CHARACTERISTIC EQUATION oF A Gas. By combining the 
laws of Boyle and Charles the characteristic equation of a gas 
is obtained. That is, 

Vara 
where V is the volume of 1 lb. of the gas at pressure p and 
absolute temperature T. R is known as the gas constant. 

For atmospheric air, KR = 96 ft. lb. centigrade units 

= 53-3 ft. lb. Fahrenheit units 


177. The Internal Energy of a Gas. The internal energy 
stored in a gas is the amount of energy in the form of heat; 
that is, the energy due to the vibration of its molecules. In 
gases such as oxygen, nitrogen and hydrogen, the internal 
energy is registered by the temperature. It can be proved from 
Joule’s experiment* that the internal energy of 1 lb. of gas at 
an absolute temperature T, and reckoned above the freezing 
point of water, is given by the equation, 

E = K, (T - 273) ft. lb., when T is in centigrade units 

= K, (T - 460) ft. lb., when T is in Fahrenheit units 

If the temperature of a gas changes from T, to 7, then 
increase of internal energy per lb. of gas is, 

E,- E, = K, (T, -7,) ft. lb. units ; : l (1) 

178. Application of Law of Conservation of Energy. If a 
gas is expanded in such a manner that it performs some form 


of external work, it follows that the heat absorbed, the work 
done, and the change of internal energy, must balance in 


* See author’s textbook Thermodynamics Applied to Heat Engines (Pitman). 
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accordance with the principle of conservation of energy. This 
may be written in the form of an equation— 


Heat absorbed Work done Increase of in- 
by llb. of gas in = [oy 1 lb. of | + į ternal energy per 
ft. lb. units gas Ib. of gas 


or, H = W aF (E, - E) 


It should be noted that if the gas is rejecting heat, then H 
is negative; if external work is being done on the gas in com- 
pressing it, then W is negative. If the term (F, — E) is negative, 
it then represents a decrease in internal energy. 

179. Isothermal Process. If a gas is expanded or compressed 
whilst its temperature is maintained constant the process is 
called isothermal. External work of some description is per- 
formed by the gas. As the temperature is constant the ex- 
pansion follows Boyle’s law, then 


pV = constant 
and PiVy = PoVe 
As there is no change of temperature there cannot be any 
change of internal energy; this will be seen from Equation (1) 


(Art. 177). 
Applying the law of conservation of energy to the isothermal 


r 
process, AEW pee) 
=W-+0 

Hence, it follows, that the heat absorbed by the gas during 
this process is equal to the work done by the gas. 

The work done during an isothermal process can be calculated 
by finding the area under the isothermal curve of Fig. 222. 
Let this curve represent the expansion pV = constant, and 


consider a thin strip at pressure p and volume V. Let the 
thickness of this strip be dV. 


Work done = W = area under curve 


= [var Oy Cae Satan 


But, pV=p,J, 


pul 
y 


hence, p= 
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Substituting this value in Equation (1) 


, 


W = p, V; Ea 


y 


V, 


=P V log. vA 


Let r = ratio of expansion or pressure ratio 


then, W = p,V, log,r (ft. lb.) ; ; : (2) 


A 
$ pV= Constant 
D | 
® 
oO 63 S| a ee. 
le 
eee ft ee a eng ee ee 


Ses 


Fia. 222 


From the characteristic equation of a gas, 
PV, = RT 
then, for 1 Ib. of gas, W = RT log,r (ft. lb.) . : (3) 


This equation represents the heat energy absorbed during 
the expansion. If the process is a compression, r is less than 
unity and log r becomes negative; then the work done by the 
gas is negative. This means that work is done on the gas and 
heat is consequently rejected. 

180. Adiabatic Process. If a gas is expanded or compressed 
in such a manner that no interchange of heat takes place 
during the process, the process is called adiabatic. External 
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work of some description is performed by the gas. It can be 
proved* that the equation representing an adiabatic process is 


pV” = constant 
then, WMVY = PV? 


where y is the ratio of the specific heats. 
Applying the law of conservation of energy to this process, 
and putting the heat supplied as 0, 


H=W + (E, - E) 
then, 0O = W + (E, - &,) 
or M= W= ; : a (1) 


Fig. 223 


Thus, the work done by the gas is performed at the expense 
of its own internal energy. 

An equation for the work done during this process can be 
obtained from the adiabatic curve of Fig. 223. Consider the 
thin strip of pressure p, volume V and thickness dV. 


V, 
Work done = W = paV 
V, 
but, aN aak 
from which DEA 


* See author’s textbook Thermodynamics Applied to Heat Engines (Pitman). 
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then, substituting for p, we have W = p, V; “yay 
os 
l-y Vy 
= a (V3 - V=) 
` but, pV, ~ PV 
hence, Woe (PV -P V1) 
hice? 
> Pi —— Eby SAEF) 
As p,V, = RT and p, Va = RT,, this equation may be written, 
= “Os =" a) ft. lb. ; (3) 


It will be seen from Pa a that Equations (2) and (3) 
represent the decrease of internal energy per lb. of gas during 
an adiabatic expansion, and the increase of internal energy 
during an adiabatic compression. 


Pees ee 
y-1 l 
As p V” = pV, and as PiVy _ hE Va it follows that 
Ty T 
Pr _ ( 7) 5 
Pz v, (5) 
T, V, y 
also, T (z) ; ; ; ; š (6) 
and, an (2: : ‘ ‘ ; ; (7) 


From Equations (5), (6), and (7) the relation between pres- 
sure, volume and temperature during an adiabatic change can 
be found. 

181. Bulk Modulus of a Fluid. The bulk elastic modulus of 
a fluid is the ratio between the increase of pressure and the 
volumetric strain caused by this pressure increase. This 
applies to liquids and gases. 
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Let a quantity of fluid at pressure p and volume V be sub- 
jected to an increase of pressure dp. Let this increase of 
pressure cause a change of volume - d V. 

; : -dV 
Then, volumetric strain = P 
increase of pressure 


Bulk modulus = K = - - 
volumetric strain 


dp 
a : ‘ : (1) 
The bulk modulus for a liquid is large on account of the 
small amount of compressibility. For a gas, the value of K is 
relatively small as dV is large. 
4 g 
| | 
Sele ae 
Y v+du 
| 
P | prdp 
te Eee ee ee 
l 
| 
| 


Pressure 


Distance 
Fia. 224 


182. Velocity of Pressure Wave in a Fluid. The velocity of a 
pressure wave transmitted through a fluid depends on the 
bulk modulus and density of the fluid. 

Consider a tube of fluid of unit cross-sectional area (Fig. 224) 
through which a pressure wave is being transmitted from right 
to left, having a velocity of v. Now bring the wave to rest by 
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imagining the fluid to have a velocity of v in the opposite 
direction. Consider a section A at which the intensity of pressure 
is p and the velocity v; let this section represent that portion 
of the fluid which is at the least pressure. Let the section B 
represent the adjacent portion of the fluid at which the pressure 
is a maximum. Let the pressure between the sections A and B 
increase by dp and let the velocity change by dv; this is due 
to a local circulation caused by the wave. The pressures are 
shown plotted on the pressure-distance diagram projected 
vertically below the tube (Fig. 224). It will be noticed that 
section A corresponds to the trough of the pressure wave and 
section B to the crest. Then, 


pressure of fluid at B = p + dp 
and, velocity of fluid at B = v + dv 
Let V = volume of fluid at A compressed per sec. by wave 
and p = density of fluid at A 
Let volume compressed per sec. increase by dV between 
sections A and B 
Then, at section A, V =a x v =v (as a is unity) 


At section B, volume compressed per sec. 


=V+dvV 
= a(v + dv) 
But,a,— l and V = 9; 
hence, dv= is. : ; : ; (1) 


Now, force on fluid between sections A and B 
= change of momentum per sec. 
= mass per sec. X change of velocity 


That is, {p - (p + dp)}a = pa V x dv 
or dp = — pV dv 
But, from Equation (1) dv = d V 
hence, dp = - p Vd V 
or ee =-pV ; : (2) 
But it was proved in Art. 181, Equation (1), that 
K op 
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dp K 

ia dV ara: 

From Equations (2) and (3), pV = 


But as V = v, then, pv = 


or = /* : : ; ‘ (4) 


Thus, the velocity of a pressure wave in a fluid depends on 
the values of its bulk modulus and density. As sound is pro- 
pagated by means of a pressure wave transmitted in a fluid, 
Equation (4) gives the velocity of sound in a fluid. 


ae 
v 


EXAMPLE. 


Calculate the velocity of sound in water of weight 62-4 lb. per cu. ft. if the 
value of its bulk modulus is 300,000 lb. per sq. in. 


Using Equation (4), 


K 
I ,/— 
p 
w 62-4 
Now, p = g = 39:9 
and, = 300,000 x 144 lb. per sq. ft. 
nos o OOZ ,000 xX 144 x 32-2 
: ka 62:4 


= 4720 ft. per sec. 


183. Wave Velocity for Isothermal Process. The velocity of 
a pressure wave in a gas depends on whether the transmission 
is an isothermal process or an adiabatic. If the process is 
assumed to be isothermal, then 


pV = C, where C is a constant 
differentiating, paV + Vdp = 0 
then, padV = - Vdp 


Aa 
ar~ = 7e : i ‘ p (1) 


or, 
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But from Equation (3), Art. 182, 


dp K 
RET 
; dp 
Equating these two values of qv” 
Kp 
Veer 
hence, K=p 


Substituting this value of K in Equation (4), Art. 182, 
Velocity of wave = v = Ae TU d ; (2) 


Equation (2) was deduced by Newton for the velocity of 
sound in a gas, but it is found from tests that this equation 
does not give good results. An adiabatic process should be 
assumed for the velocity of sound in a gas, as the temperature 
does not remain constant during the pressure variation of 
the wave. 

Equation (4), Art. 182, is found to give good results for a 
liquid; this is because the temperature change in a liquid due 
to a variation of pressure is extremely small and, consequently, 
the process approximates to an isothermal. 

184. Wave Velocity for Adiabatic Process. The transmission 
of a pressure wave in a gas is approximately adiabatic; this is 
because the pressure variation takes place very suddenly and, 
consequently, there is no time for any appreciable interchange 
of heat. Applying the law for an adiabatic process (Art. 180), 


pV” = C, where C is a constant 


Differentiating, 
ypV’-1 dV + V’dp = 0 
then, ypV’1dV = - V’”dp 
hence, a =- r (1) 
But, from Equation (3), Art. 182, 
oo IK 


DF 
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d 
Equating these two values of 


pO 
Vira; 
hence, K = yp 


Substituting this value of K in Equation (4), Art. 182, 
Velocity of wave == y = : ; 5 ; (2) 


This equation was deduced by Laplace for the velocity of 
sound in a gas. Results of tests are found to be in agreement 
with this equation. Equation (2) is also used for obtaining the 
value of y for a gas; the velocity of sound at a known pressure 
being measured experimentally. 


EXAMPLE. 


Calculate the velocity of sound in air at a pressure of 14:7 1b. per sq. in. 
and at a temperature of 0° ©. y for air = 1-41. 


Using the characteristic equation of a gas, 


DVER 
1 
V= a R= 96 and 7 = 273° C. abs. 
hence, 
1 
p X——= 96 x 278 
ae of 14-7 x 144 
~~ 656 273 
= O81 1b. per cu: ft. 
w -081 
Now, [== g — 39-2 


Using Equation (2), 


2 ie X 14-7 X 144 x 32-2 
pe 081 
= 1090 ft. per sec. 
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185. Bernoulli’s Equation Applied to Gases. Bernoulli’s 
equation of Art. 26 can be extended to apply to problems 
dealing with the flow of gases. When applying this equation 
to gases it is necessary to allow for the following additional 
factors— 

(1) The change of density with pressure and temperature 
changes. 

(2) The change of internal energy, due to temperature 
changes. 

(3) Any absorption or rejection of heat. 

Let E, and Æ, represent the initial and final internal energies 
of the gas in ft. Ib. units per lb., reckoned above freezing point 
of water, and let H be the heat absorbed by the gas in ft. lb. 
units during the nar Then, Bernoulli’s equation may be 
written 


A Rri T By = 2 + se CE, -H 
Jl 
But, = 
wi 
J 
and oen 
We 


where V, and V, represent the volumes of 1 lb. gas at pressures 
p, and p, respectively. 
Hence, for 1 lb. of gas, 


v,2 Vo" 
Zit PVit og + B= Zat PV t+ oot Ba H . (1) 


(1) For ADIABATIC CHANGE. If the process is adiabatic, 
H = 0, and from Equation (4), Art. 180, 
By E, = ad PıVı-— P2 Va 
y= 
Substituting these values in Equation (1), 
ME = a eee 
(Z, — Ar (P1Vi. — PeVe) + 4 = a = 2 2g ; 
Vg — V? 
that is, (Z,- Za) + 75 O E E a 
This equation can be further simplified. Let n be the ratio 
of the initial and final pressures; then, 


na? 
Pı 
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P2 V, ak V, 
Then a ty 
1 


= a(2) ” [from Equation (5), Art. 180] 
1 
y-1 
A 


= nn 


Taking p, V, outside of brackets of Equation (2) and sub- 
stituting for n, Equation (2) becomes 


l Va — v4" 
Zt, +(—% \nr[1-n7|=*S 2 a) 

This equation represents any adiabatic flow of a gas, and 
may be applied to a pipe of varying section, a Venturi meter, an 
orifice, or a nozzle. 

(2) For [ISOTHERMAL CHANGE. If the process is an isothermal 
change, heat must be absorbed or rejected by the gas in order 
to maintain a constant temperature. 

Then, from Art. 179, 


Ey =k, 
P Vi = PoVs 
and Jak = IAIN N i 
Substituting these values in Equation (1), 
V9? — v,? 
(Zi - Z) + RT log.r = ie : ‘ a (4) 


186. Variation of Atmospheric Pressure with Altitude. The 
pressure of the atmosphere at the earth’s surface is due to the 
weight of the column of air above. This will not be directly 
proportional to the head, as in liquids, on account of the 
varying density of the air. 

If the temperature of the column of air is assumed constant, 
the variation in pressure will follow an isothermal process 
and obeys Boyle’s law. This is not the case in practice; 
it is found that the atmosphere gets colder as the altitude 
increases. On this account, it is more accurate to consider the 
pressure variation to follow the adiabatic law; that is, to 
assume there is no interchange of heat between the layers. 
The ratio between the temperature drop and the altitude is 
known as the temperature gradient, 
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In the solution of problems on the pressure of the atmosphere, 
the atmosphere is assumed to be quiet and to contain a constant 
amount of moisture; it is then said to be in convective 
equilibrium. 

It is found from measurements that the true condition of 
the atmosphere lies between the isothermal and adiabatic 
processes, and it appears to follow a law 


pv” = constant 


In aeronautical problems, a condition called the International 
Standard Atmosphere is assumed. This assumes the above 
law of variation, the value of 
n being 1-235. The solution of l 
problems based on this law (Poss 
can be obtained from the 
equations for the adiabatic p 
process by substituting the 
value of n for y. 

The variation of atmos- 
pheric pressure can also be 
obtained direct from the tem- = 
perature gradient, if the latter ERON. 
is known. 

Consider the column of atmospheric air of unit cross-sectional 
area (Fig. 225). Consider a section of the column at a height 
h above the earth’s surface, and let the pressure at this height 
be p lb. per sq. ft. Now consider another section at a height of 
dh above the first section and let the pressure at this section 
be p - dp. 

The difference of pressure between the two sections is equal 
to the weight of air between them. Or 


Fie. 225 


- dp = w(dh x 1) 
that is, dp = - wdh . : À ; ; R(T) 
Let V = volume of 1 lb. of air between the two 
sections 
1 
then, w = y 


Substituting this value of w in Equation (1), 
dh =-V dp 2 : : : P12) 
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But, from the characteristic equation of a gas, 


pV = RT 
hence, substituting in Equation (2), 
RT 
dh = T= p ; : i : SER 3) 


Equations for the Th of AR, pressure with 
altitude will now be obtained for each of the four methods 
previously defined. 

(1) ASSUMING IsoTHERMAL Process. If an isothermal pro- 
cess is assumed for the pressure variation, the temperature of 
the column remains constant. Then Equation (3) becomes 


eac RTE, 1 EET 
Pp 


Let p, and p, be the pressures at two heights from the ground 
h, and ho. 
Integrating Equation (4), 


Pa 
hs 
dh = —- ee | dp 
hy pP 
Pp. 


or hoh =- RTP Iog, =") o 
Pı 


Equation (5) gives the pressure ratio between any two 
heights A, and hy. If h, is zero it corresponds to the ground 
level, then p; is 14:7 lb. per sq. in. Equation (5) then becomes 


hy = RT log, A se owl (G) 


This equation gives the pressure p, in lb. per sq. in. at any 
altitude h, ft. 

This assumption of an isothermal process does not give good 
results in practice for a large variation in altitude, on account 
of the alteration in temperature. For a large change in altitude 
the adiabatic law would be more accurate. It should be noticed 
that Equation (5) could also have been obtained by the 
application of the extended Bernoulli’s equation [Equation (4), 
Art. 185] to the atmosphere at the two given altitudes, the 
velocity at each altitude being zero. 

(2) ASSUMING ADIABATIC Process. The law for an adiabatic 
change is 

P NE 
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where p and V apply to any height h above the earth’s surface, 
and p, and V, apply to a particular height h,. 
For an adiabatic process (Art. 180) 


p=n(z) s 5 ; : 3 (7) 


where T and T, are the absolute temperatures at altitudes h 
and A. Differentiating in terms of T, 
1 


A Ts, pee 
dp = -(7%5) pa? T ey dT 
Substituting the above values of p and dp in Equation (3) 
ERA revels 
as ra -(2) an? T ze dT 


, 


dh = 
sr) r 
y \ 
= Gea RaT (8) 
Ii -1\1 
hence, Shes = ) R: s : ' (9) 


This is known as the temperature gradient. 
Integrating Equation (8) between altitudes h, and h, and 
between the corresponding temperatures T, and T4, 


hy T; 
[ an = eae dT 
l-y T, 


-~ h 


or (ha - hy) = (15) R(T: =T) 
if T, 
= r= la : ; i 10 
Go) ORF 1) oo 
But, from Equation (7), Art. 180, 


y-1 
T, -=(2) 7 
a Pi 


Substituting this value of = 


T, 


a no, [(®)? =a]. aie) 


in Equation (10), 
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If Equation (11) is applied to find the pressure at any height 
h from the ground, h,, T., and p, will apply to the ground-level ; 
then h, = 0 and p, = 14-7 lb. per sq. in. 


Then, eles) RT, (2) -2] los 


From this equation the value of p, in lb. per sq. in. can be 
calculated. 

It should be noticed that Equation (11) could have. been 
obtained more simply by the application of the extended 
Bernoulli’s equation [Equation (3), Art. 185] to the atmosphere 
at the two given altitudes, the velocity at each being zero. 

(3) ASSUMING THE TEMPERATURE GRADIENT IS KNOWN. 
If the temperature gradient is known, the variation of at- 
mospheric pressure with altitude can be calculated from 
Equation (3). 


Let T, = absolute temperature at ground-level 
Po = atmospheric pressure at ground-level 


t= temperature drop per ft. increase of 
altitude 


T = temperature at any altitude h ft. 
p = pressure at altitude h ft. 


p, = pressure at any given altitude h, ft. 


then, == 1, th 
Using Equation (3), 
R 
ee ee 
p 
_  B(T) — th)dp 
P 
dp dh 


henge, p. EETA 


Integrating between the pressure limits pọ and p, and between 
the altitude limits of 0 and h,, 


l | [- z l [a h à 
0g, = z O; i 
g GR Rt 8 0 | 


. Pi 1 To- thy 
hat — |= — 
that is, log, (2) Ri log, ( 7, =0 
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on ii 13 
i. Rt og. x ip 3 $ D ( ) 

This equation gives the pressure p at any given altitude h}. 
(4) Assuminc Process Fottows Law pv" = CONSTANT. 
The solution of this process is the same as for an adiabatic 


process except that n should be substituted for y. Equation 
(11) then becomes > 


e =a]. as 


For the international standard atmosphere the value of n is 
taken as 1-235. 


EXAMPLE 1. 


If the atmosphere at sea-level has a pressure of 14:7 lb. per sq. in. and a 
temperature of 60° F., find the pressure at a height of 10,000 ft. (1) Assuming 
an isothermal change, (2) assuming an adiabatic change. y = 1-41 for air. 


T, = 460 + 60 = 520° F. abs. 
(1) ASSUMING IsoTHERMAL CHANGE. 
Using Equation (6), 


p 
h, = — RT log. 


1 


that is, 10,000 = - 53-3 x 520 log, ver 
or =-361 = 2°803 log,, = 
10r 47 
ee nee 
- -1565 = log i? 
Taking antilogs, -6974 = Pay 
S 7 14:7 
From which, Pa = 10-24 lb per sq. in. 


(2) ASSUMING ADIABATIC CHANGE. 
Using Equation (12), 


y-1 
Y 


SEATO 


1-41 p, \ii 


That is, 
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pa \290 
then, 1048 = 1-( 8) 
ee 
or 8952 = ( BS | 
Taking logs,  - 0481 = -2906 log ( ft) 
= Pe 
or - +1654 = log (158) 
Taking antilogs, +6832 = Dezi 
i 14-7 
From which Pa = 10-03 lb. per sq. in. 


EXAMPLE 2. 


Find the pressure and density of the atmosphere at a height of 12,000 ft. 
when the pressure, temperature, and density at ground-level are 14-7 lb. per 
sq. in., 15° C., and -0765 lb. per cu. ft. respectively. Assume that the tem- 
perature of a quiescent atmosphere diminishes with the height at a uniform 
rate of 2° C. per 1000 ft. For air, PV = 96 T. (London Univ.) 


Using Equation (13), 


BN thy 
lon (2) = Flows ( 1-7 


In this example, t= -002° C: 
To — 288° C. abs. 
R = 96 
and Py = 14:7 lb. per sq. in. 

P 1 -002 x 12,000 
then, log, (a) = 96 x -002 108 (1 oT 
from which e = -638 
hence, pı = 9°38 lb. per sq. in. 

From the characteristic equation of a gas, 

Pı 96 

Ty es 


l 144 x 9-38 
hence, final density = Vee aoe 
1 


= :0534 lb. per cu. ft. 
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187. Buoyancy of Balloon. The lift of a balloon is mainly 
due to the weight of atmospheric air it displaces. Archimedes’ 
principle applies to bodies immersed in a gas in the same way 
as it applies to bodies immersed in liquids. 

A balloon consists of a light fabric container filled with a 
gas of less density than the atmosphere; its gross lift is equal 
to the weight of atmosphere it 
displaces. Its actual lift is the 
gross lift less the weight of the 
container and the gas inside the 
container. This would have its 
maximum value if the inside 
of the container was a vacuum. 
but this condition is impossible 
as the container would collapse 
inwards due to the atmospheric 
pressure on the outside. To 
prevent this, the container is 
filed with the lightest gas 
possible at a pressure approxi- 
mately equal to that of the 
atmosphere. The container is 
thus prevented from collapsing 
inwards, but its actual lift is 
reduced by the weight of the 
gas used. It should be noted 
that the balloon gets no lift Fra. 226 
from this gas, which merely 
acts as an internal structure inserted to resist the external 
pressure of the atmosphere. The gas used is hydrogen 
or helium. 

Consider the spherical balloon of Fig. 226, and consider a 
vertical column of gas of height h and cross-sectional area a as 
shown. 

Let p = pressure of atmosphere at base of container 


W, = average weight of 1 cu. ft of air surrounding 
container 


w, = average weight of 1 cu. ft. of gas inside container 


Assume the pressure of gas at base of container to be the same 
as that of the atmosphere at the base. Now, the pressure of 
gas at the top of the column will be less than that at the base 
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by an amount equal to the weight of the column of gas. In 
the same way, the pressure of the atmosphere at the top of 
the container is less than that at the base by an amount 
equal to the weight of a corresponding column of atmosphere. 
Or, 
pressure of gas at top = p-w,h lb. per sq. ft. 
pressure of atmosphere at top = p — Wah lb. per sq. ft. 
As w, is greater than w, it follows that the gas pressure at 
the top is greater than that of the atmosphere at the top; 
‘hence, there is an upward force on the container. 
Considering the column of gas and ignoring the weight of the 
container, 
upward force on column = a(p-w,h) 
downward force on column= a(p — w,h) 


Subtracting, net upward force 
on column =-aw,h + aw,h 
= (Wa — w,)ah 
= (Wa — W,) X volume of column 
(1) 
If the whole container is imagined to be made up of similar 
columns, it follows that : 
lift on container = (Wa — w,) X volume of container. 


The weight of the container must be subtracted from this 
amount for the actual lift of the balloon. 

It will be seen from Equation (1) that the apparent lift of 
the gas is equal to (w, — w,) lb. per cu. ft. 


For hydrogen at N.T.P., w, = :0756 lb. and w, = :0053 
then, apparent lift of hydrogen = -0756 — -0053 
= -0703 lb. per cu. ft. 

As the hydrogen can only be obtained at about 97 per cent 
pure, this figure is reduced in practice to about -068 lb. per cu. ft. 
For helium at N.T.P., w, = -0116 lb. per cu. ft. 
then, apparent lift of helium = -0756 — -0116 

= -064 lb. per cu. ft. 
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This is reduced to -062 lb. if a purity of 97 per cent is assumed. 

It will be noticed from Fig. 226 that the buoyancy of the 
balloon is due to the upward pressure on the lower half being 
larger than the downward pressure on the upper half; but the 
lift on the container itself is due to the pressure of the gas on 
the upper portions. In the case of a rigid airship, the containers 
press on to a rigid structure, being in direct contact with a 
network of wires fixed circumferentially around the structure. 
The manner in which the apparent lift of the gas is distributed 
around the circumference of the structure will depend on the 
tautness and on the method of fixing of these wires. 

As a balloon rises to a higher altitude, the atmosphere is 
less dense; consequently, the weight of air displaced by the 
balloon is less; this reduces the lift. As the balloon rises the 
inward pressure on the outside becomes less. This produces 
an excess of internal gas pressure which is liable to burst the 
container. In order to prevent this, an automatic valve is 
fitted at the base so that gas may escape as the altitude in- 
creases. The containers of an airship are filled to 95 per cent 
of their volume when on the ground; they will then be just 
full when the ship has risen to its cruising Height; consequently, 
no gas is wasted. 

It should be noted that the lift of a Balloon or airship will 
depend on the barometer reading, the temperature of the 
atmosphere, and on the heating of its gas by the sun’s rays; 
the latter process is termed superheating. 

188. Sensitive Manometers. (a) CHATTOCK TILTING GAUGE. 
A very sensitive instrument for measuring the difference of 
pressure between the two limbs of a Pitot tube is the Chattock 
tilting gauge (Fig. 227). The instrument consists of a lever a, 
carrying a scale f at one end, which is fixed horizontally by 
means of three levelling screws. The left-hand end carries a 
knife edge c on which is pivoted another lever b. The lever b 
can be tilted by means of the micrometer screw d which carries 
a large disc graduated around its edge. The vertical movement 
of the right-hand end of lever b can be measured by the 
pointer e and by the rotation of the micrometer disc. 

Flasks A and C are fixed to the tilting lever b, as shown; 
a smaller flask B is fixed at the centre. The flasks B and C are 
connected at their bases by a glass tube, and contain water as 
shown. The upper portion of B is filled with oil. The flask A 
contains water; its base is connected to the oil in B by a glass 


Fie 227 
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tube which has its outlet in the oil in B. The high pressure 
limb of the Pitot tube is connected to the air in A, whilst the 
low pressure limb is connected to the air in C. 

The pressure in A causes a water bubble to form at the end 
of the tube in the oil of B. The level of the upper surface of 
this water bubble can be sighted on the cross-wire of a micro- 
scope supported at g. An increase of pressure in A increases 

_the size of this water bubble in B; a decrease of pressure in 
C also causes the size of the bubble to increase. 

The instrument is initially set by sighting on to the bubble’s 
upper surface with the cock h closed; the readings of the 
pointer e and the micrometer disc being noted. The cock h is 
then opened, the pressure difference between A and C will now 
cause an increase in size of the bubble. The lever b is now 
tilted by revolving the micrometer disc until the upper surface 
of the bubble again coincides with the cross-wire of the micro- 
scope. This operation has brought the size of the water bubble 
back to the original state, showing that the total pressures of 
the water in A and C are again equal. The readings of e and the 
micrometer disc are now taken; by subtracting the initial 
readings from these, the difference of pressure head in the two 
limbs of the Pitot tube can be caiculated. 

The instrument is extremely sensitive; differences of 
pressure can be measured as small as -0001 in. of water. It is 
used for Pitot tube measurements of air velocities in wind 
channels. It may also be modified to be used for measuring 
pressure differences in other types of fluide. 

(b) INCLINED TUBE MANOMETER. If one arm of a U-tube is 
bent so that it has a small inclination to the horizontal, the 
movement of the liquid in this inclined tube will be con- 
siderable for a small change in pressure head. Hence, a U-tube 
can be made very sensitive by bending one of its arms until 
it is nearly horizontal; this is the principle of the inclined 
tube manometer. 

A view of the Krell type of inclined tube manometer is 
shown in Fig. 228. The inclined tube D corresponds to one 
arm of the U-tube, the other arm being the large reservoir C. 
The tubes from the Pitot-static tube are connected to the 
arms C and D at the openings A and B, the higher pressure tube 
being connected at A. By making the liquid surface in C 
very many times larger than the cross-sectional area of the 
tube D, the variation of height of the liquid surface in C will 


16—(T.5167) 
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be extremely small and can, therefore, be regarded as constant. 
The pressure difference in the two arms will consequently 
be given by the reading of the liquid surface in the inclined 
tube D. 

The instrument is mounted on a base H, which can be set 
horizontally by three levelling screws Æ. The frame supporting 
the reservoir C is hinged at F and can be raised or lowered 
by turning the screw M; this adjusts the zero reading of the 
liquid in the inclined tube D. The frame supporting the in- 
clined tube D is hinged at G; its inclination can be varied by 
means of the screw N. The liquid level in this tube can be read 
off a fixed scale by the sliding cross-wire S. 

The instrument can be used for measuring two ranges of 
air speed by fixing the inclined tube at two different slopes. 


Fie. 228 


This is done by means of two spirit levels L, one on each side 
of the tube, which are permanently set at different inclinations. 
When it is desired to measure low air speeds, the inclined tube 
D is set at a small inclination by using the spirit level set with 
the least permanent slope. If it is desired to measure high air 
speeds, the inclined tube can be set at a greater slope as larger 
changes of head will now occur; this is done by setting the 
tube D to the other spirit level, which has been permanently 
fixed at a greater slope. It will be seen from this that there are 
two ranges for the instrument, depending on which spirit level 
is used for setting the inclination of the tube D. 

Alcohol is found to be the best liquid for use in this instru- 
ment as it provides a suitable meniscus for the inclined tube. 
The instrument can be used as a sensitive U-tube for measuring 
any fluid pressure differences within its range; its use is not 
limited to the Pitot-static tube. 

(c) THe Curvep TuBE MANOMETER. This is the same in 
principle as the inclined tube manometer, but the tube is 
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curved in such a form that a uniform scale of velocities is 
obtained. A view of the Kent-Hodgson Curved Tube Mano- 
meter* is shown in Fig. 229. If this instrument is permanently 
installed in a fixed position for use in connection with a par- 
ticular apparatus, such as a Pitot-static tube, a velocity scale 
can be substituted for the pressure-difference scale, from which 
air velocities can be read off direct. If the installation is of a 
_ permanent nature, such as for the measurement of air flow 
through a duct or pipe of known dimensions, a quantity scale 


Fig. 229 


can be substituted from which the quantity of flow can be 
obtained directly from the scale reading. 

A great advantage of the curved tube manometer is that a 
wide range of air speeds, or pressure differences, can be quickly 
read off with the one setting of the instrument. This manometer 
is for the measurement of low pressures only and will read 
pressure differences of -01 in. of water. 


EXAMPLES 16. 


(1) Calculate the velocity of a pressure wave transmitted through a liquid 
having a specific gravity of -85 and a bulk modulus of 284,000 lb. per sq. in. 


Ans.—-4985 ft. per sec. 
* By courtesy of Messrs. Geo. Kent, Ltd., Luton. 


474 HYDRAULICS 


(2) Calculate the velocity of sound in air having a pressure of 9-38 lb. per 
sq. in. abs. and a temperature of — 9° C. 
(a) Assuming an isothermal process. 
(b) Assuming an adiabatic process. 
R for air = 96 ft. lb. centigrade units and y = 1-4. 


Ans.—(a) 900 ft. per sec. 
(b) 1065 ft. per sec. 


(3) Find the pressure and density of the atmosphere at an altitude of 
13,000 ft. assuming an isothermal atmosphere. At sea-level, p = 14:7 lb. 
per sq. in., and ¢ = 15°C. R for air = 96 ft. lb. centigrade units. 

Ans.—9:2 lb. per sq. in.; -048 lb. per cu. ft. 


(4) If the pressure and temperature of the atmosphere at ground level are 
14-7 lb. per sq. in. and 15° C. respectively, calculate the pressure and density 
at an altitude of 16,000 ft. assuming an adiabatic atmosphere. Find also the 
mean temperature gradient up to this altitude. R = 96 ft. lb. units and 
y ='1-4. 

Ans.—7-83 lb. per sq. in., -049 lb. per cu. ft., 3° C. per 1000 ft. 


(5) An airship filled with hydrogen has a gas capacity of 7,000,000 cu. ft. 
If the weight of air at N.T.P. is -0756 lb. per cu. ft. and the weight of hydrogen 
at N.T.P. is -0053 lb. per cu. ft., what is the total lift of the airship at N.T.P.? 

Calculate the loss of lift if the airship is filled with helium instead of hydro- 
gen. 1 cu. ft. of helium weighs :0116 lb. at N.T.P. 


Ans.—219-5 tons; 19-5 tons. 


(6) Show that a disturbance is propagated with velocity n k in a fluid of 


p 
elasticity k and density p. Determine this speed for water, k = 300,000 lb. 
per sq. in. (London Univ.) 

Ans.—4730 ft. per sec. 


(7) Given that the barometer pressure is pọ at ground-level where the 
temperature is 15° C., prove that the pressure p at a height h ft. is given by 
the expression 

log? = A log (1 — Bh) 
Po 
in which A and B are constants. If the temperature of a quiescent atmosphere 
diminishes with the height at a uniform rate of 2° C. per 1000 ft., and for air 
pV = 967, find the values of A and B. (London Univ.) 


Ans.—A = 5:21; B = :00000695. 


5 d 
(8) Prove that = + i CP — constant for the steady flow of a compressible 

fluid. Hence, show that Bernoulli’s equation for the flow of a gas can be 
written, 

a Yop 

— + —*—-+~=~ = constant, 

29 Yio ep 
in which the pressure and density are related by the adiabatic law 2) = 

P 


constant. Hence derive an expression for the theoretical flow of a gas in 
lb. per sec, through a Venturi meter in terms of the pressure and density of 
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the gas, and the sectional area of the meter, at the entrance and at the throat 
sections. (London Univ.) 


(9) Find the pressure and density of the atmosphere at a height of 3,000 ft. 
when the pressure and temperature at ground level are 30 in. of mercury and 
15° C. Assume that the temperature of the atmosphere diminishes with the 
height at a uniform rate of 1:5° C. per 1,000 ft. For 1 lb. of air PV = 96T. 
(London Univ.) 


Ans.—13:18 lb. per sq. in.; :0698 lb. per cu. ft. 


CHAPTER XVII 
FLOW OF GASES 


189. Types of Flow. The flow of a gas is a more complex 
problem than the flow of liquids on account of the great com- 
pressibility of the former. The gas flow may take place iso- 
thermally, adiabatically, or at constant total energy. The flow 
may be resisted by friction which partially or wholly reheats 
the gas; thus the loss of energy due to friction reappears in the 
gas in the form of internal energy. If large changes of tempera- 
ture occur during the flow, the variation in the specific heats 
will be considerable and should be taken into account. 

The type of flow is also affected by the velocity. It may be 
subsonic, sonic or supersonic, depending on its relation to the 
velocity of sound in the gas; the latter will vary according to 
its temperature or its pressure and density. At speeds above the 
sonic speed compression waves and shock waves are transmitted 
which affect the resistance to flow. Consequently, when dealing 
with gas flow of high velocity, that is, velocities in the vicinity 
of the velocity of sound, it is usual to refer all phenomena to 
the Mach number (Art. 198). 

The above remarks also apply to bodies moving with high 
velocities in a stationary gas; the resulting phenomena will 
depend on the relative velocity between the body and the gas. 

190. Total Heat of Gases. The total heat of a gas at a given 
temperature is defined as the amount of heat required to raise 
the temperature of unit weight of the gas from 0° C. to the given 
temperature, when heated at constant pressure. 


Hence, total heat = J = K,(T — 273) i EE) 
where T is the absolute temperature in degrees Centigrade, 
or, I= K,(T — 492) : ‘ 2) 


where T is the absolute temperature in degrees Fahrenheit. 
Sometimes, for convenience, the total heat is reckoned above 
a lower basic temperature. If reckoned above absolute zero 


temperature, I = K,T + latent heat. 


The total heat of a gas is independent of the pressure, except at 
extremely high pressures; it is usually expressed in heat units. 
The values of the total heats given by the above equations 
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assume the specific heat to be constant. Actually, the value of 
K, varies with the temperature, the increase being considerable 
over a large temperature range. In modern calculations it is 
usual to take this variation into account, and tables have been 
prepared giving the exact values of J at all temperatures and 
for different gases. A table giving the properties of air, including 
the values of J, is given in Appendix ITT. 
The total heat can also be found from the sum of the internal 
energy of the gas and the external work done by the gas, due to 
its increase in volume. If the total heat is reckoned above 
absolute zero temperature, and assuming the gas occupies no 
volume at that temperature, : 
pV 


I=E+*> 


where H = K,T (K, being in heat units). 
If reckoned above 0° C., 
DV) 


TORTE 


where H = K,(T — T ,) and the suffix 0 refers to 0° C. conditions. 

In the above, the values of K, and K, are in heat units. 

191. Entropy of Gases. The term entropy may be defined as 
a measure of the availability of heat energy for conversion into 
work.* An increase in temperature is accompanied by a reduc- 
tion in the rate of availability of the heat energy for conversion 
into work. The entropy of unit weight of a substance, at a given - 
temperature and pressure, is a physical property of the substance 
and can be stated in units of entropy measured from a datum 
of 0° C. 

If a body is heated in any manner, the heat absorbed at any 
instant, divided by its absolute temperature at that instant, is 
equal to the change of entropy. 

Let dH = heat absorbed by 1lb. of substance during 

small interval.of time 
T = absolute temperature of substance at that 
instant 
¢ = entropy of substance 
dé = change of entropy during small interval of time. 


dH 
Then, do = p a ; j ; TAD) 


* For full explanation and use of entropy see textbooks on Heat or 
Thermodynamics. 


478 HYDRAULICS 


de Ta 

; dH 

Integrating, dd = ci 
h 1 

dH 
d 

hence, De pi = [F ; ; ; sp (2) 

T, 


If the heating takes place adiabatically, then dH = 0, as 
there is no transfer of heat during an adiabatic operation ; 


Fie. 230 


hence, db = 0. Thus, an adiabatic operation takes place at 
constant entropy and is consequently termed isentropic. 
If the heating takes place isothermally, 7’ remains constant, 


Jäl 
then, pa — 9, = T 
where H = total heat absorbed during the process 
l 
Z ee (Art. 179). 
It will be noticed from Eq. (1), that 
dH = Td 
Then integrating, 
JEE == I ; é -= 8) 


If a curve be plotted to represent the heating of 1 lb. of a 
substance, having ¢ as base and T as the vertical ordinate 
(Fig. 230), it follows from Eq. (3), that the area under the 
curve represents the heat absorbed by the substance. Such a 
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diagram is known as a Temperature-entropy diagram, or a 
T-¢ diagram. 

192. Heat-entropy Chart for Gas. The properties of 1 lb. of 
a particular gas can be plotted on a chart having a base repre- 
senting entropy, the vertical ordinate representing respectively 
T, I or E, to different scales. The effect of the variation of the 
specific heats with temperature can be allowed for in the values 


E Scale 
T Scale 


FIG. 231 


of J and Æ used in the plotting. Such a chart for 1 lb. of air is 
shown plotted on the folding inset facing page 480. In this 
chart, black lines, representing lines of constant pressure, and 
red lines, representing lines of constant specific volume, have 
been drawn. It will be seen that 1 lb. of air, at a given tempera- 
ture and pressure, is represented by a particular point on the 
chart; this point is known as a state point and the value of its 
specific volume, entropy, total heat and internal energy can be 
read off from the corresponding scales. 

If 1 lb. of air at a known condition is expanded adiabatically 
to a given lower pressure, this expansion is represented by a 
vertical line on the chart, because an adiabatic operation occurs 
at constant entropy and is termed isentropic. Referring to Fig. 
231 let the point A represent the condition of the air at a given 
temperature T, and pressure p, and let it expand adiabatically 
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to a pressure p. By drawing a vertical line from A to cut the 
constant pressure line p, at B, the values of Ta, Vso He and J. 2 at 
the point B can be read off from the chart. Thus, the vertical 
height 4B, measured on the total heat scale, gives the loss in 
total heat during the expansion. 

It was shown in Art. 180 that the work done during an adia- 
batic expansion is the change of internal energy; hence 


work done = E — F, 


E Scale 


Pies 232 


The values of #, and E, can be read off the chart from the 
internal energy scale. 

If the 1 lb. of air at A be expanded isothermally to p, the 
expansion is now represented by the horizontal line AC 
(Fig. 232) because it occurs at constant temperature. It will 
be noticed that there is no change in total heat or internal 
energy during the process. Also, the area under the line AC 
represents the heat absorbed during the process (Art. 191); 
this also equals the external work done. 

It should be noted that although the expansion AC takes 
place at constant total heat, there has been a reduction in the 
available energy per lb. of gas for conversion into work. This 
is denoted by the drop in pressure from p, to py, as pressure is 
the medium by which the gas produces mechanical work, and 
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the atmospheric pressure may be assumed to be the lowest 
pressure limit possible for the production of work. 


EXAMPLE. 


One pound of air at a pressure of 30 lb. per sq. in. and a temperature of 
60° F. is expanded adiabatically to a pressure of 14-7 lb. per sq. in. Assuming 
no losses occur during the expansion and using the heat-entropy chart, read 
off the values of the total heat, internal energy, and specific volume of the air 
at the beginning and end of the expansion. What is the final temperature of 
_ the air? 

The adiabatic expansion is represented by a vertical line from 
the initial point to the 14-7 lb. per sq. in. pressure line. 

At beginning of expansion, 


628 B Th U, E =d BTU V: = 6:26 cu. ft. per lb. 
At end of expansion, 


= —17 B.Th.U., Z = —12-1 B.Th.U., V, = 10-6 cu. ft. per lb. 
t = —38° EF. 

193. Velocity of Gas from Heat Drop. When a gas is allowed 
to expand through an orifice or nozzle, the loss of total heat 
which occurs is converted into kinetic energy, thus producing the 
velocity. Applying the extended form of Bernoulli’s equation 
(Eq. (1), Art. 185), neglecting the Z term as small, and working 
in heat units, 


V v2 y (SE 
C aes ae a 

But, from Art. 190, 

etre 

y 

and 22 + B= I, 
Hence, substituting these values, Bernoulli’s equation becomes : 
l ren a LE 
f hich E NN; (2) 
rom whic Tae a ‘ : : 


The term J,— J, is the reduction in total heat during the 
expansion and is known as the heat drop. 
Let U = heat drop in heat units 
= li, 
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If the expansion is adiabatic, U is known as the adiabatic 


heat drop. 
If the gas is initially at rest, vı = 0; then Eq. (2) becomes— 
aes 
y= (hW 
= Nes 
from which, v = V2gJ VU 
— 300 VU (in Centigrade units) . 3) 
= 224 VU (in Fahrenheit units) . . (4) 


If the expansion is adiabatic, Eq. (3), Art. 185 may also be 
written— 


v — V? yar 
F “pagoa nea g : (5) 
Hence, from Eqs. (2) and (5), 
Piy rzi 

ena e 

Po 
where n = — 

Pı 


The value of the heat drop U for 1 lb. of air can be read off the 
total heat scale of the heat-entropy chart facing page 480. 


EXAMPLE. 


Air at 200 lb. per sq. in. pressure and 140° F. is expanded adiabatically in 
a nozzle to a pressure of 40 lb. per sq. in. Using the heat-entropy chart and 
neglecting all losses, find the final temperature and specific volume of the air, 
the total heat drop during the expansion, and the final velocity of the air. 


From the heat-entropy chart facing page 480, 
final temperature = —83° F.; final specific volume = | 
3-43 cu. ft. per Ib. 
total heat drop = U = 26 — (— 27:5) 
= 53-5 B.Th.U. per lb. 
Using Eq. (4), 
v = 224V U 
= 224V 53-5 
= 1,645 ft. per sec. 


194. Effect of Friction on Heat Drop. The frictional resistance 
of the walls of a nozzle or pipe tends to reduce the velocity of 
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flow, which, in turn, reduces the effective heat drop, since the 
initial and back pressures are fixed. The loss of kinetic energy 
due to friction is converted into heat which reheats the gas. 
Hence, the effect of friction is to convert part of the kinetic 
energy of the gas into heat which increases its final total heat 
and internal energy ; this operation is demonstrated in Fig. 233. 


T or I Scale 


$ 


Fig. 233 


Let k = fraction of heat drop available after allowing for 
friction. 
Then, effective heat drop = kU 
Applying this to Eqs. (3) and (4) (Art. 193), 
v = 300./kU (in Centigrade units) . eh) 
v, = 224,/kU (in Fahrenheit units) . ~- 


Referring to the -4 diagram of Fig. 233, let AB represent 
the frictionless adiabatic expansion of 1 lb. of the gas between 
pressures of p, and p,. If, owing to frictional resistance, the 
adiabatic heat drop is reduced by BC, then 

effective heat drop = AC 
= kKAB 
Now the gas must finally have the pressure p,, hence the effect 
of friction is to reheat the gas at constant total heat from C to 
D; the point D is where the horizontal from C cuts the pressure 
line p. This reheating operation has actually taken place 
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continuously during the whole expansion, hence the true 
condition of the gas throughout the expansion is represented 
by the dotted line AD. Then, 
resulting heat drop = J 4 — Ip 
=I,—TI¢ 
. = kL, — Ip) 

It will be seen from Fig. 233 that the effect of friction is to 
reduce the heat drop, and thus reduce the final velocity, whilst 
the final temperature of the gas is increased from T p to Tp. 

The operation shown in Fig. 233 can be drawn on the heat- 
entropy chart facing page 480 and the required values of J, 
U and V, read off the respective scales. 


EXAMPLE l. 

Air at a pressure of 110 lb. per sq. in. and a temperature of 73° F. expands 
adiabatically through a nozzle to a pressure of 16 lb. per sq. in.; 10 per cent 
of the total heat drop is lost in friction which is assumed to reheat the air. 

Using the heat-entropy chart, find the final temperature and specific volume 
of the air and calculate its final velocity. 

From the heat-entropy chart, and using the construction shown 
in Fig. 233, 
total heat drop = U = 54:5 B.Th.U. 
final temperature = —153° F. 
specific volume = 6-9 cu. ft. per lb. 
Using Eq. (2), 
v = 224V kU 
= 224-9 x 54-5 
= 1,563 ft. per sec. 
EXAMPLE 2. 


Air at a pressure of 80 lb. per sq. in. and a temperature of 20° C. flows through 
a pipe with a velocity of 300 ft. per sec. and is passed through an expansion 
nozzle in which it is expanded down to 14-7 lb. per sq. in. Using the heat- 
entropy chart, find the heat drop in the nozzle and the final temperature of 
the air. Assume 15 per cent of the heat drop is lost in friction. 


From the heat-entropy chart, 
total heat drop = 27-7 C.H.U. 
final temperature after allowing for reheating by friction 
= —76° C. 
Using Eq. (2) (Art. 193), 
Va — V? 


wor = kUJ 
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v2 — 3002 
that is, Te a 85 X 27:7 x 1,400 
va — 90,000 = 2,120,000 
hence, v, = V 2,210,000 


= 1,489 ft. per sec. 


195. Flow of Gas Through Venturi Meter. The flow of a gas 
. through a Venturi may be regarded as an isothermal process 
if the pressure drop is small, in which case the flow can be 


| P 
i 
l 
| 


1 
| 
| 
| 

1 


Fra. 234 


calculated by the method given in Art. 27. If the pressure drop 
is appreciable, the flow will be adiabatic, and there is a rapid 
fall of temperature at the throat. In this case Equation (3) of 
Art. 185 can be used for calculating the quantity of flow. 
Imagine a quantity of gas to be flowing through the Venturi 
meter of Fig. 234. Let suffix 1 apply to the conditions of the 
gas at entrance, and suffix 2 to the conditions at the throat. 
Neglect all losses, and assume flow to be adiabatic. 
Let a, and a, be the areas of cross-section at inlet and throat, 
in sq. ft., and v, and v, the corresponding velocities. 
Weight of gas flowing per sec. = W = a = a 
where V, and V, represent the volume of 1 lb. gas at pressures 
pı and p, respectively. 


Hence, a =( +) Vp i ; (1) 
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: Grats 
hence, from Equation (1), v, = a 2u d à (2) 
1 
Now, the flow through the meter is assumed to be adiabatic, 


and is consequently represented by Equation (3), Art. 185. 
Then, substituting Equation. (2) in this equation, 


202 
y = ut-(7) fag 
Fon E ie eee 


If the Venturi meter is horizontal, Z, = Z,, then, 


sty )mr fin ]= [1 (in| 
Gs All| 29 CAN 


From which 


Then, u = 


If the Venturi meter is not horizontal, the (Z; - Z) term 
remains in the equation; then Equation (3) becomes 


7 EGey 


Kquations (3) and (4) give the weight of gas flowing, in lb. 
per sec. 
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EXAMPLE. 


A horizontal air Venturi meter is installed in a 6 in. pipe line, its throat 
diameter being 2 in. The inlet pressure measured 140 lb. per sq. in. abs. and 
the throat pressure 130 1b. per sq.in. abs. The temperature at inlet was 15° C. 
Calculate the weight of air flowing per second. R = 96ft.lb. units and 
y = 1-4. 


As Div pee 
i 96 X 288 
14a x 140 


= tt. per 1b, 


As expansion is assumed to be adiabatic, 


1 
iá 
Paa 


1 
140 \14 
= 1-37( ag 


130 
= 1-443 cu. ft. per lb. 
also, n sas 
Pı 
130 
PUK -9285 


1-4 4 
ee baa cy X 144 x 140 x 1:37 [1 = (-9285)i | 


1-443 l 2 
lee 1:4 
E sy (9285) ] 


= :0151 V/132,300 
= 5-48 lb. per sec. 


196. Flow of Gas Through an Orifice or Nozzle. The flow of 
gas through an orifice or nozzle may be regarded as an adiabatic 
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process if the pressure drop is large. For a small pressure drop 
the process may be assumed isothermal; the isothermal flow 
of a gas through orifices and pipes is dealt with in Arts. 32 
and 74 respectively. 

The adiabatic flow through an orifice (Fig. 235) is represented 
by Equation (3), Art. 185. In this case Z, = Z,, so that the 


Fie. 235 


term (Z,-Z,) is zero. Also, v= 0, as the flow commences 
from rest. Let the final velocity of the gas be represented 
by v. Then, Equation (3), Art. 185, becomes 


(5 an[1-a* ]-5 o W 


where p, and V, apply to the initial state of 1 lb. of the gas. and 
n is the ratio of the pressures (2)on both sides of the orifice 


it 
or nozzle. Then, from Equation (1), 


v= F peat sith y. Ia zzi 
Ee ag pal Pı”ı n 


Let a = effective area of orifice or throat area of nozzle 
in sq. ft. 


= C4 X area of orifice. 


Weight of gas flowing per sec. = W = 


ols 


where V, is the volume of 1 lb. of gas at pressure py. 
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Then, 
r an a 9 EARE, = “oar 
villa np e 
But, it was proved in Art. 195 that 
i! 
a = nY 
2 
hence, M= Ki 
n? 


Substituting this value of V, in Equation (2), 


a 2 PER, 
w =g (aneia | heer) 


This equation gives the weight of discharge in lb. per sec. It is 
more convenient to solve nozzle problems by using the heat- 
entropy chart for the given gas if such a chart is available 
(Art. 192 to 194). 


197. Velocity at Throat for Maximum Discharge. From 
Equation (3), Art. 196, it will be seen that, for a gas in the given 
initial condition, the only variable is n. Hence, if this equation 
is differentiated in terms of n and equated to zero, the value 
of n for a maximum weight of discharge through the orifice 
would be obtained. 

From Equation (3), Art. 196, 


2E 
that is, Waonvy-n y 
T D 2=% TE 
Differentiating, =- =-n”’ - ey: = 
dn y y 
3 ney 
That is, (yt 1) ny = my 
y-1 2 
Hence, ny= ; ; : (1) 
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Equation (1) gives the value of n, the pressure ratio, for a 
maximum weight of discharge for any orifice and for any gas. 
Applying this equation to air, y = 1-404, Equation (1) then 
becomes 


1-404 - 1 2 
m 1404 = 
1-404 + 1 
From which N = +528 
hence, n= Pa _ -528 
1 
or Dy = 028p - : ; (2) 


Thus, the maximum weight of discharge for air flowing through 
an orifice is when the final pressure is -528 of the initial 
pressure. i 


It should be noticed that as the velocity head is equal to the 
total adiabatic work done, then, from Eq. (1), Art. 196, 


Va? ga TNV 
where the suffix 2 applies to the throat of the nozzle. 
l 
But, lo = = where w, = pag 
Wz 
1 
hence, Vee 
P29 
Also, for maximum discharge, 
el 2 
n sa — = 
(») yar 


| from which, ty = 
(Bx 

But it will be noticed from Eq. (2), Art. 184, that the above 

equation is the equation for the velocity of sound in the gas, 
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at the throat conditions. Hence, it follows that the critical 
velocity at the throat is equal to the velocity of sound. This 
result is very important as it provides the explanation of much 
of the phenomena which occurs in nozzles after the sonic speed 
is reached. 


EXAMPLE 1. 


A nozzle having a throat diameter of 1 in. is fitted into the side of a tank 
containing air at a pressure of 120 lb. per sq. in. and at a temperature of 
15° C. What should be the back pressure for a maximum discharge through 
the nozzle? Calculate the weight of this maximum discharge in lb. per second. 
Assume C = 96 and y = 1-404. 


Using Equation (2) for maximum discharge, 


P2 = 528 py 
= b25-< 120 
= 63-4 lb. per sq. in. 
As DV, = 967 
96 X 288 
then, Ve 144X 120 
= 1-6 cu. ft. per lb. 
n=% 
Pı 
= +528 


Using Equation (3), Art. 196, 
a = yesh 
W = EDNA [i-a y ] 
7 


ee ea adel s(t 


“404 2 Yen 
[ous x x 144 x 120 x 1:6 x -528” fi — -528 | 


= -0034 V/420,000 
= 2-2 lb. per sec. 
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EXAMPLE 2. 

Air is expanded in a converging-diverging nozzle which has a throat diameter 
of lin. The air enters the nozzle at a pressure of 60 lb. per sq. in. and a 
temperature of 15° C., and is expanded to 14-7 lb. per sq. in. at the mouth. 
The frictional losses all occur in the diverging cone and reduce the total heat 
drop in the nozzle by 15 per cent. Using the heat-entropy chart, find—(1) the 
critical pressure at the throat; (2) the velocity at the throat; (3) the discharge 
in lb. per sec.; (4) the final velocity of the air leaving the nozzle; (5) the 
required diameter at the mouth. 


(1) Critical pressure at throat = py = -528p, 
== "528 X60 = 31-7-Ib: 
per sq. in. 
(2) From heat-entropy chart, and using suffix 2 for throat 
conditions, 


total heat drop at throat = U, = 12-00C.H.U. 
and, V,, = 5-0 cu. ft. per lb. 
then v = 300V U, 
= 3007 12 
== 1039 ft. per sec, 
AV 
(3) I= Te 
T l 1039 


4 


(4) From heat-entropy chart, and using suffix 3 for mouth 
conditions, 
total heat drop = U = 23-2 C.H.U. 


2 
i (5) x aan a 1-131 lb. per sec. 


net heat drop = -850 
== "80 K 
te = — 84° Q. 
V,, = 8-7 cu, ft. per lb. 
v = 300VkU 
= 300V-85 X 23-2 = 1,332 ft. per sec. 
AV 
(5) As mea 
Ves 
, 11S IERS 
a= 1,332 = -0074 sq. ft. 
H = Í i 
ence, ds = ,/ :0074 x 144 x - = 1-165 in. 
= 
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198. Supersonic Velocities in a Fluid. if the velocity of a 
body moving in a fluid is less than the velocity of a pressure 
wave in the fluid, the velocity is said to be subsonic, as the 
velocity of a pressure wave is the velocity of sound in the 
fluid. If the body’s velocity is greater than that of a pressure 
wave, it is termed supersonic. When the velocity of the body 


Fig. 236 


increases from a subsonic to a supersonic velocity there is 
found to be a sudden increase in resistance, or drag. 

Let v = velocity of body in fluid 

v, = velocity of sound in fluid 

Referring to Fig 236, let the point A represent the position 
of the nose of a body moving through a fluid, from left to right, 
with a subsonic velocity. The nose of the body impinging on 
the fluid causes a disturbance in the form of a pressure wave 
which travels radially outwards with the velocity of sound. 
After a short interval of time ¢ the nose of the body reaches 
B and has caused other pressure waves to radiate outwards as 
it travelled along the path AB. The pressure wave from A 
reached a radius of v, x t when the body is at B. When the 
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nose of the body had traversed one-quarter of the distance 
AB a pressure wave was radiated which reaches a radius of 
3 vt when the nose is at B. y 

In the same way, other pressure waves have reached radii 
of 4v,f and vt respectively when the nose of the body has 
traversed one-half and three-quarters of the distance AB. 


G 


Fig. 237 


The pressure waves are thus in the positions shown in the 
figure when the nose of the body reaches B. It will be seen 
from the figure that the nose of the body is always behind the 
wave front of the pressure waves it has caused. The body is 
thus always penetrating an area of disturbed fluid; this has an 
effect on the fluid resistance to the body’s motion. 

Now consider the body when its velocity is supersonic; the 
wave disturbance it now causes in the fluid is shown in Fig. 
237. Consider the instant when the nose of the body is at A; 
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its velocity v is now greater than the wave velocity v,. Let the 
nose reach the point B in the time t. Then, 


Ali = 
When the nose of the body was at A a pressure wave was caused 


which moved radially outwards from A with a velocity v,; 
this wave has travelled a distance of vt by the time the nose 


* 


Fie. 238 


reached B. When the nose reached distances of } AB, 4 AB 
and 3 AB from A, other pressure waves were caused which, 
at the time the nose reached B, had radiated to distances of 
3v4, 4 vt and ivf respectively. Hence, these spherical wave 
fronts are in the position shown in the figure when the nose is 
at B. It will be noticed in this case that the nose of the body 
is always in advance of the pressure waves it has previously 
caused; hence, it is always penetrating a region of undisturbed 
fluid. The resistance of the undisturbed fluid is found to be 
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greater than that due to the body moving with a subsonic 
velocity. 

Draw the straight line CB as a common tangent to all the 
pressure waves shown; let « be the inclination of this line to 
the line AB. The line CB forms the common wave front 
advancing with the nose of the body into the undisturbed 


Ns - Ve 


no 
v 2 MT 
Fic. 239 


fluid and is known as a shock wave. Let D be the tangent 
point on CB of the pressure wave radiating from A; then, 


F A Sein Uai 
The inverse of this ratio, z 8 called the Mach number (Art. 
s 
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222); it is an important criterion which is used when dealing 
with the resistance of bodies in a compressible fluid. The 
angle « is known as the Mach angle. 

A photograph showing a shock wave caused by a bullet 


LSS 
OOOO OD, 
eae eee 
LSLS 

ZSS 2S < > 


Fie. 240 


travelling with a supersonic velocity in air is shown in Fig. 
238. The shock wave can be clearly seen in front of the nose 
of the bullet. A line of eddies is visible in the wake of the 
bullet; these are due to disturbances caused by the air rushing 
into the space vacated by the bullet. 

The photograph of the waves in the atmosphere is obtainable 


E oe pw St a a 8 
Mach. Number (= 2 ) 
Us 
Fic. 241 


because the high pressure air of the wave front has an increased 
density; this, in turn, affects the refraction of light. It can 
thus be registered on a photographic plate by means of suitable 
illumination. 

In Fig. 239 is shown the photograph* of the waves from a 
blade of a two-bladed aeroplane propeller when moving at 
such a speed that the blade tip velocity was supersonic, having 


* See paper by Dr. W. F. Hilton, Proc. Royal Society, Vol. 169, p.. 174. 
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a Mach number of 1-21. The direction of rotation is anti- 
clockwise. S is the supersonic shock wave from the leading 
edge and T is the trailing vortex wave. V; is the vortex 
from the blade tip, V, is the blade tip vortex from the other 
blade occurring half of a revolution previously, and V} is 
the blade tip vortex of the blade shown, due to the previous 


Fig. 242 


revolution. The eddies in the wake of the blade can be clearly 
seen. 

Oblique shock waves, inclined at the Mach angle, also occur 
in nozzles through which a jet of fluid is flowing with a super- 
sonic velocity. These are shown in Fig. 240, which has been 
copied from an actual photograph. 

The effect of the variation of resistance when a body changes 
its velocity from subsonic to supersonic is shown in the drag 
coefficient curve of Fig. 241. These results were obtained 
experimentally from an artillery shell of the shape shown in 
the figure; the values of the drag coefficient Cp are plotted on 
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a base representing the Mach number. It will be noticed that 
when the Mach number is unity, that is, when the velocity 
reaches the velocity of sound, there is a sudden increase in the 
value of Cp. From this fact it is predicted that there would 
be a sudden falling off in the performance of an aeroplane 
if its velocity approaches the velocity of sound. From the 
results of aerofoil model tests in a wind tunnel, the lift co- 
efficient commences to fall rapidly when the Mach number is 
0:8; this is also accompanied by a rapid increase in the drag 
coefficient. 

The rapid drop in the lift coefficient of an aerofoil as it 
approaches the region of the velocity of sound is shown in 
Fig. 244. 


Let M, = Mach number 


In Fig. 242 is shown the variation of the drag coefficient 
with the Mach number for an aerofoil. It will be noticed that 
after a Mach number of 0-7 there is a rapid increase in the value 
of Op, up to the sonic speed, after which Cp begins to get less. 

In Fig. 243 is shown an aerofoil section known as a bi-convex, 
or knife edge, aerofoil; this type of aerofoil has been developed 


Bi-Convex Aerofoil 


Fie. 243 


for high-speed aeroplane wings and gives good results for high 
values of the Mach number. The values of Cz for this aerofoil 
are shown plotted on a Mach number base for angles of incidence 
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of 7° and -5°. It will be noticed that for an angle of incidence 
of 7° the value of C; does not fall below -22 for a Mach number 
of 1:8. 


ia A 
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In Figs. 244 and 245 are shown the values of C, and Op for 
two types of aerofoils. Curve A is for an ordinary aerofoil 
section whilst Curve B is for a bi-convex aerofoil. These 
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results were obtained from wind tunnel tests for an angle of 
incidence of 4° for both types. From the Cp curves it will be 
seen that an enormous increase of C p occurs for type A when 
the Mach number reaches -6. The curve for type B shows a 


O-4 


Pressure Rise Ratio 


Ma 
Fig. 246 


decrease in Cp in the supersonic range, reaching a minimum 
value at a Mach number of 1:93. From the C, curves, type A 
shows a fluctuating fall in the value of Cz after a Mach number 
of -65 is reached. The value of C, for type B is very low in the 
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supersonic range, but commences to increase after a Mach 
number of 1-9. 

The effect of the influence of the Mach number on the output 
of an axial flow air compressor is shown in Figs. 246 and 247. 
These tests were carried out in a wind tunnel on a grid of the 
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blades used in the compressor. In Fig. 246 is shown the 
measured pressure rise ratio plotted on a base representing the 
Mach number of the air flow through the blades. It will be 
noticed that the output commences to fall rapidly after a value 
of M, = -6 is passed. The loss of energy ratio for the same test 
is shown plotted, on a Mach number base, in Fig. 247; a large 
reduction in efficiency is noticeable after a value of M, = ‘6 
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is reached. These changes can be explained by the fall in the 
lift coefficient and the increase in the drag coefficient which 
occurs at a Mach number of about -6. On this account it is 
desirable in designing high speed axial flow compressors and gas 
turbines to keep the Mach number of the flow within this limit. 

199. Adiabatic Flow of Jet. If a gas of initial pressure p, is 
expanded adiabatically through a nozzle to a back pressure p,, 
its behaviour as it passes through the nozzle will depend on the 
initial pressure, the back pressure and the shape of the nozzle. 
As the gas expands its velocity and specific volume are con- 
tinually increasing, but the weight of discharge per second, 
passing any section, must remain constant. 

In Fig. 248 curves showing the variation of the velocity v, 
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the specific volume V, and the ratio i have been plotted for 


1 lb. of air expanding adiabatically from an initial pressure of 
100 lb. per sq. in. to a back pressure of 5 Ib. per sq. in. absolute. 


: V 
The base represents respectively v, V, and F , and the vertical 


ordinate represents the pressure at any instant. The values of V, 
for the various pressures were calculated from the gas laws for 
an adiabatic expansion, and the values of v from the equation 


v = 300VU 
where U is the drop in total heat in C.H.U. 


Let a = cross-sectional area of jet in sq. ft. at pressure 
considered. 


Now, m= a lb. of air per sec. 
then k = a (for 1 lb. of air) : E) 


From the curves it will be seen that at a pressure of -53 pı, 
which is the pressure for the critical velocity, the velocity is 
the same as the sonic velocity at that pressure and density, 
which agrees with the results deduced in Art. 197. At this 
section the Mach number for the flow is unity. 


ae V Sane 
On examining the curve of ee which is also the jet area 


per lb. of flow, it will be noticed that its minimum value occurs 
at the critical velocity; this is equivalent to the throat of the 
jet. Also, for any given jet area above this minimum value 
there are two values for the pressure, one given by the upper 
portion of the curve AC, and the other by the lower portion 
CB. From the velocity curve it will be seen that the curve AC 
represents a subsonic flow, whilst the curve CB corresponds to 
a supersonic flow. Hence, it follows that, for a given jet area, 
there are two pressure conditions for equilibrium, one on the 
curve AC producing subsonic flow and one on the curve CB 
producing supersonic flow. Once the section of critical velocity 
has been passed, the flow may follow either of these conditions, 
depending on the magnitude of the back pressure. For the ideal 
nozzle the minimum area, or throat, will be at the critical 
section C; beyond this section the expansion then follows the 
curve CA up to the back pressure at A. If the back pressure is 
less than that at A, the flow will at first follow the curve CB 
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for a certain distance, depending on the back pressure, and may 
then suddenly increase in pressure towards the curve CA after 
which the flow remains subsonic. This sudden jump in pressure 
takes place at constant total energy except for a small loss due 
to friction. 


V 
It is interesting to notice the resemblance between the — 


curve of Fig. 248 and the specific energy curve for the flow of 

water in channels shown in Fig. 102. The former has its mini- 

mum value when the Mach number is unity and the latter has 
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its minimum value when the Froude number is unity. To the 
right of these conditions each curve shows two pressure values 
for equilibrium each of which produce two different types of 
flow. Hence, there is a close resemblance between the flow of 
gas through a nozzle and the flow of a liquid in a channel. 
200. Variation of Pressure in a Nozzle. The flow of a gas 
through a converging-diverging nozzle is liable to become 
complicated once the flow is supersonic, on account of the 
sudden jump in pressure which may occur (Art. 199). This 
phenomenon is explained by the curves of Fig. 249, which have 
been plotted for a given converging-diverging nozzle. The 
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curves are plotted on a base representing the centre-line of the 
nozzle which is shown drawn to scale. They represent the same 
adiabatic flow of air dealt with in Art. 199, the required values 
of v and V, being taken from Fig. 248. 

Referring to Fig. 249, the curve ACHB represents the com- 
plete free adiabatic expansion through the given nozzle, from 
an initial pressure of 100 Ib. per sq. in. to the back pressure p p. 
This was plotted for unit discharge in lb. per sec., then, from 
Eq. (1) (Art. 199), 

V, 
py =a 


y 
The values of sm for the different cross-sectional areas were 


thus obtained from the shape of the nozzle; from these values 
the pressures at the respective sections of the nozzle were then 


read off from the a curve of Fig. 248. It should be noticed 


that each given area occurs twice in the complete length of the 
nozzle, the same area occurring both in the converging portion 
and in the diverging portion. The curve AC (Fig. 249) for the 
converging portion was obtained from the pressures given by 
the subsonic curve AC of Fig. 248, as the flow is below sonic to 
the left of the throat. The curve CB for the diverging length 
was obtained from the supersonic curve CB of Fig. 248. The 
curve CD (Fig. 249) was obtained in the same way from the 
subsonic curve AC of Fig. 248, there being two pressures in the 
diverging length for each nozzle area (Art. 199). Thus, if the 
expansion follows the curve ACB, the flow is supersonic beyond 
the throat; if it follows the curve ACD, the flow is subsonic 
beyond the throat. The particular curve actually followed will 
depend on the magnitude of the back pressure. 

The curve GJEF shown in Fig. 249 was obtained in the same 
way as the curve DCHB. To obtain this curve, the set of 
curves shown in Fig. 248 were again plotted but this time the 
air was assumed to expand adiabatically from a lower initial 


pressure of 80 lb. per sq. in. From the new oa curve thus 


obtained the curve GJHF of Fig. 249 was plotted in the same 
manner as curve DCHB, the curve GJE representing subsonic 
flow beyond the throat and curve ÆF representing supersonic 
flow beyond the throat. Now, curve AJG will also represent 
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the adiabatic compression of the gas in the diverging cone of 
the nozzle due to a back pressure of 80 lb. per sq. in. This is 
because the diverging cone of the nozzle acts as a diffuser and 
the adiabatic compression thus caused is the reverse process, 
and in the opposite direction, of an adiabatic expansion in the 
same cone from an initial pressure of the same magnitude as 
the back pressure at Œ. Similar curves to GJHF can also be 
plotted for other assumed back pressures. 

The curves above the curve ACD (Fig. 249) were plotted for 
reduced discharges. Curve ACD represents a discharge W of 
1 lb. per sec. The curves above ACD have been plotted for 
discharges of -9, -75 and -5 lb. per sec. respectively, for the same 
nozzle and for the same initial pressure of 100 lb. per sq. in. 
These curves were obtained in the same way as curve ACD. 
It should be noted that as 


w= 
v 
Vs a 
then enn at : : 6 3 (1) 


Hence, the li curve of Fig. 248 may be again used if the effect 


of the reduced discharge is taken into account, as shown in 
Eq. (1). It will be noticed from these curves that the pressure 
has a tendency to decrease rapidly at the throat and then to 
gradually increase in the diverging cone. 

The ideal type of flow for the particular nozzle shown is when 
the back pressure has the value pp; the flow then follows the 
curve ACD, reaching the sonic velocity at C, and the discharge 
has its maximum value. 

If the back pressure is increased above pp, the flow follows 
a curve of the type shown above the curve ACD and the 
discharge is reduced ; in this case the velocity remains subsonic 
throughout. 

If the back pressure is reduced below pp, there is no further 
increase in the discharge, the velocity increases beyond the 
throat and the flow follows the curve CB; the jet may even 
separate from the nozzle walls if the velocity is very large. 
The flow is now supersonic and is in an unstable state. If the 
back pressure is higher than pp, then at a certain section H, 
depending on the magnitude of the back pressure, the pressure 
will suddenly increase to J; the flow then becomes subsonic 
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and, if separation has occurred, the jet enlarges to the nozzle 
walls, as shown in Fig. 250. The flow now follows the curve 
JG, the point G representing the final back pressure. If 
there is no separation of the jet, the pressure jump from 
H to J takes place at constant cross-sectional area; this 
pressure jump resembles the hydraulic jump in a water 
channel (Art. 88). 
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It will be seen from the above that, for a given nozzle, no 
increase in discharge can be obtained by lowering the back 
pressure below pp. A graph showing the variation of discharge 
per second with the back pressure is shown to the right of 
Fig. 249. 

In Fig. 250 is shown the pressure variation along the nozzle 
for a flow in which the pressure jump occurs. The behaviour of 
the jet is shown projected under the curve and a separation 
between the jet and the nozzle wall has been assumed, although 
this may not have occurred. It will be seen that the jet 
separation commences at C and continues up to the pressure 
jump at H. Photographs of this phenomenon in glass nozzles 
have been obtained by making use of the fact that a change of 
density affects the refraction of light; this enables the pressure 
jump to be registered on a photographic plate.* 

Oblique shock waves, known as standing waves, also occur 
in the jet when the flow becomes supersonic; a drawing from 
a photograph of these is shown in Fig. 240. 


* The Schlieren method. See Prandtl’s The Physics of Solids and Fluids, 
Vol. 2, page 364 (printed in English; Blackie & Son, Ltd.). 
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201. Actual Pressure Variation in a Nozzle. Measurements of 
the distribution of pressure along the axis of a steam nozzle 
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were first made by Stodola*; his results are shown plotted in 

Fig. 251. These curves, each representing a different back 

pressure, are plotted on a base representing the centre-line of 
* See Steam and Gas Turbines by Stodola. 
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the nozzle, a sectional view of which is shown at the top of the 
figure. The initial steam pressure was 150 lb. per sq. in. in 
all cases. The critical pressure of the steam occurs at C, which 
should coincide with the nozzle throat. 

It will be noticed that all the curves but the upper three 
attained supersonic velocities, having expanded below the 
critical pressure. In all of the lower curves a pressure jump 
has occurred in the diverging portion of the nozzle, thus 
demonstrating the explanation given in Art. 200. Other 
pressure waves, probably standing or shock waves, are also 
noticeable superimposed on the main pressure curve. The 
shape of the main pressure curves should be compared with the 
curve of Fig. 250, which was plotted from calculated results 
obtained by the method described in Art. 199. 

The three upper curves have not expanded to the critical 
pressure at C, hence their discharges will be below the 
maximum. 

202. Isothermal Flow in Pipe. When gas flows isothermally 
along a pipe of uniform bore there is a loss of head due to the 
frictional resistance. This can be calculated from the equation 

4flv? 
lip = A 


There is a continuous fall in pressure as the gas flows along 
the pipe, due to the overcoming of the frictional resistance. 
This fall of pressure causes an expansion in volume and a 
corresponding reduction in density. The weight of gas per 
sec. flowing past any section must be constant; hence, an 
expansion in volume causes an increase in velocity. It will 
be seen from this that the frictional resistance causes the gas 
to expand; the temperature thus tends to fall. But as the 
flow is isothermal, the fall in temperature is prevented by heat 
being absorbed from the surroundings. The effect of friction 
also tends to maintain a constant temperature, because the 
energy lost in friction is converted into heat, some of which 
reheats the gas. 

It follows from this that the pressure drop during an iso- 
thermal flow is less than that of an adiabatic flow for the 
same frictional resistance. Also, it can be shown that the 
change of velocity along the pipe, due to frictional causes, is 
small for moderate lengths of piping; hence, the mean velocity 
can be used in the frictional formula, 


ft. of gas 
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Referring to the pipe of Fig. 252, let suffix 1 apply to the 
inlet conditions and suffix 2 to the outlet. 


Let H = amount of heat absorbed by gas in maintaining a 
constant temperature, in ft. lb. units 


Applying Equation (1) (Art. 185) to the entrance and exit 
ends of the pipe, 


2 Vo 
Ly + mV; Lo | By = Za + PaVa + 5 + Ea thy H 


dl 
ent Se oc en 
US ia = 
ieee ERE? 
B P 2 
Fie. 252 
For a horizontal pipe Lag 


As the flow is isothermal, p,V, = PV and E = F, 
` hence, the equation becomes 
Uae 

2g 

The work done against friction is converted to heat, which 
helps to reheat the gas to its former temperature. This reduces 
the amount H which flows in through the pipe walls. If it is 
assumed that the whole of the frictional resistance is utilized 


in reheating the gas, the term h, is not a loss of energy. Then 
Equation (1) becomes— 


ae lesa 1 
Siop E u . s (i) 


V2 v 
PE H : 3 Be wall 2) 

In this case, H is not the heat absorbed during a pure isothermal 
expansion as given by Equation (2) (Art. 179), the expansion 
being affected by the frictional resistance. A flow at constant 
temperature which is frictionally resisted cannot be regarded 
as a true isothermal expansion, as defined in Art. 179. 

For short pipes it is usually of sufficient accuracy to assume 
a constant density and velocity and to treat the problem as 
was done with liquid flow (Art. 74). An approximate solution* 
for pressure drop during isothermal flow is given in Art. 203. 


* For exact solution for isothermal flow see Art. 217. 
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203. Approximate Solution for Isothermal Flow in Pipes. 
The following approximate solution is satisfactory for most 
problems on isothermal flow through pipes. In this approxi- 
mation the gain of kinetic energy of the gas is neglected as 
relatively small compared with the energy absorbed by the 


frictional resistance. 


Consider a short length of the pipe dl (Fig. 252) at a point 
where the velocity is v, the pressure p, the density w, and the 


specific volume V. Then, 


Weight of gas flowing = wav = wav 
also, for isothermal flow, pV = p,V, 
v V 
or v = Pt, a8 — = 
p aN i v Vi 
v 
then, y2 == ene 
As, P Pi 
a Ah 
w 
then, e PU 
Pi 


Combining Equations (1) and (2), 


We ; 
Pi p 
T 
8 
From the characteristic equation for a gas, 
PV, = kT 
Dime 
then, mo RT 
T 
i 1= RT 
4flv? 
As h; == 2gd 
then for a short length of pipe dl, 
4fv7dl 


dp 
d(h,) = w 


(3) 
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where dp is the pressure change on length di and is negative, 


4fwvdl 
hence, dp = - 2gd 
Substituting for wv? from Equation (3), 
a 4fw p dl 
Integrating between the two ends of the pipe, 
Pa 4fw pm? [ 
dp e = a 
f ay 4 2gd 0 
. Pe — Pi. ‘iz 4fw pw’ 
that is, oe ae F 


Substituting for w, from Equation (4), 
D ote 4fp,°v,7l 


9 ORT ad 
; 8flv,? 
2i 2 = 
from which De == py (1 sane) 
8flv,? 
uen m= ny 1 Sa w A 


EXAMPLE. 


Compressed air is transmitted through 300 ft. of 2 in. pipe. The supply 
pressure is 100 lb. per sq. in., and the flow is 80 cub. ft. per min. at the supply 
end. Calculate the delivery pressure assuming the temperature remains 
at 15° C. throughout, and that PV = 96T for 11b. of air. Prove any formula 
used. Take f = :005. (London Univ.) 


T = 15 + 273 = 288° C. abs. 


Sun 1\2 
PRAM 


80 
~ 60 x -0218 
Applying Equation (5), 


= 61-15 ft. per sec. 
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ef 100 9/1 8 x -005 x 300 x (61-15)? 
E 64-4 X $ X 96 x 288 


= 100 V1 - -146 
= 92-5 lb. per sq. in. 


Ib. per sq. in. 


204. Approximate Solution for Adiabatic Flow in Pipe. This 
type of flow occurs when the pipe is efficiently lagged so that 
no heat flows into the moving gas. As the gas flows along the 
pipe it is subjected to a frictional resistance causing a pressure 
drop. This pressure drop causes the gas to expand and thus 
increases its kinetic energy. 

In practice, the energy lost in friction will partly reheat the 
gas, causing an increase in internal energy at the outlet end of 
the pipe which is theoretically equal to the loss due to friction.* 


(a) ADIABATIC FLOW, NEGLECTING REHEATING. 


Let v = mean velocity in pipe 
4fly? : 
then, h, = baa (approximately) 


Applying Equation (3) (Art. 185) to a horizontal pipe and 
allowing for the frictional loss h,, 


a y-1 Pe ae) 
(44) av, [1-»7 ] = =F L + hy 


. ig Pa\ vaa aa aUUe 
that is, (2 +) mv, [1 - (2) y ] ET l TR (1) 


but from Equation (5) (Art. 180), 
N (2); 
u 1 Pe 


1 
hence, Vo == Vy (2) ; ; = S) 


Pz 
Substituting this value of v, in Equation (1), 


e OOE E 


The value of p, can be obtained from this equation by successive 
approximations. First assume the mean velocity v to be equal 
* For exact solution for adiabatic flow see Art. 207, 
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to v and solve for p, by trial or by plotting. Repeat the pro- 
cess using the mean of v and v, for v. No further adjustment 
will be necessary. 


(b) ADIABATIC FLOW, WITH REHEATING. 


In this case it is assumed that the energy lost due to friction 
is absorbed by the gas in the form of heat. Hence, the total 
energy at the outlet end of the pipe is equal to the total energy 
at the inlet end. Owing to the effect of reheating the expansion 
is not a reversible adiabatic*; Equation (3) (Art. 185) can be 
applied, but the law of expansion is of the form pv” = constant. 


Then, for horizontal pipe, 
n Paye pes i 
aa a 


Substituting the value of v, from Equation (2), 


Chan[-8]-210% -e 


If n, p, V1, and pa are known, the value of v can be calcu- 
lated from this equation. 


Then, as p,V," = PaVa, Va can be obtained. 
Also, as 2a Ve the velocity v, can be calculated. 
vi v, 

205. Measurement of Air Speed. The following instruments 
are used for measuring the velocity of an air stream such as 
wind velocity, the speed of air flow in ducts, or the air flow 
in an experimental wind tunnel.t They may also be used for 
measuring the velocity of a body moving in air, such as an 
aeroplane. In this case, the Pitot-static tube is used and the 
velocity obtained is the relative velocity of the plane to the 
air. In order to obtain the absolute velocity of the plane, allow- 
ances must be made for the velocity of the wind. 

(1) Prrot-static Tuse. A simple Pitot tube cannot be 
used for the measurement of air velocity if the air is under 


* Some authorities apply the terms “adiabatic” and “isothermal” only to 
the reversible processes described in Arts. 179 and 180. Other authorities 
apply the term ‘‘adiabatic” to all insulated processes, and the term “‘ʻiso- 
thermal” to all constant temperature processes; the more general application 
of these terms may cause considerable confusion. 

} For a more detailed account of measurement of air speed, see The 
Measurement of Air Flow, by E. Ower. 
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static pressure, as the latter would affect the reading of the 
instrument. In order to overcome this, the Pitot-static tube 
has been designed so that the measured pressure difference 
gives the required velocity head of the air. 

An outside view and a sectional view of a Pitot-static tube 
are shown in Fig 253. It consists of an internal L-shaped 
tube which forms the mouth Air Flow 


of the instrument at M, the ee! 


other end B being connected 
to one of the limbs of a 
suitable manometer. This 
inner tube is surrounded by 
an L-shaped outer tube so 
that an air space is provided 
between the two tubes; a 
ring of holes in the outer 
tube at A admits the air to 
this air space. The static 
pressure of the air can thus 
be transmitted along the air 
space to its outlet at C, which. 


is connected to the other limb To Manometer 
of the manometer. The in- a 
strument is placed with its C 


mouth facing the air stream ; 
the head measured is then 
the velocity head only of the 
air stream, as its static 
pressure is transmitted to 
both limbs of the manometer 
and is, therefore, eliminated. 
The instrument must first S 
be calibrated for the range 
over which it is used in order to obtain the values of its 
coefficient k. Then, 


v= kV 9h 


mometer 


B 
| Fig. 253 


a. 


To 


It is found that good results are obtained with the Pitot- 
static tube if the centre of the ring of holes at A is about 2 in. 
away from the mouth. In the N.P.L. Standard Pitot-static 
Tube the inner tube has internal and external diameter of 
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-16 in. and -0204 in. respectively; the thickness of the air 
space between the tubes is -032 in. Sa, 

(2) VANE ANEMOMETER. This instrument, which is the same 
in principle as the current meter described in Art. 85, is used 
for measuring wind velocities for meteorological purposes and 
for measuring air velocities in large ducts such as ventilating 
shafts. For the latter purpose it usually consists of a rotor 
containing eight vanes, and is the same in principle as an 


Fia. 254 


axial flow turbine. The vanes may be flat plates set at a suit- 
able angle to the direction of the air stream, or they may be 
curved in the same manner as a turbine blade. The rotor is 
connected by gearing to a revolution counter, which indicates 
on the dials incorporated in the instrument the number of 
revolutions made. As the speed of revolution of the rotor 
is proportional to the air-stream velocity, the latter can be 
obtained by noting the number of revolutions made by the 
rotor over a known interval of time. 

To use the instrument, it is placed in the air stream and the 
initial readings of the dials noted. Then, by using a stop 
watch, the time is taken for a given number of revolutions 
of the rotor. From these results the air velocity can be 
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calculated from the calibration curve for the instrument 
used. 

The Negretti and Zambra* vane anemometer, shown in 
Fig. 254, is a portable instrument for indicating the number 
of linear feet of air. A number of light vanes are mounted on a 
spindle running on jewelled bearings; by means of a suitable 
gearing, the rotation of the spindle is communicated to the 
pointers. 

The instrument is held in the air stream, preferably on a 
rod, and the number of feet of air passing the instrument is 
timed with the aid of a stop watch. A correction is usually 
required, which is obtained from a calibration factor supplied. 
A disconnector is provided for throwing the indicating mechan- 
ism out of mesh, and a setting device for bringing the hands 
back to zero. 

The vane anemometer gives accurate results over a limited 
range only; for any given range of air speeds an instrument 
should be employed which suits that particular range. 


(3) HOT-WIRE ANEMOMETERS. Another method of measuring 
the velocity of an air stream is by measuring the rate of heat 
loss from an electrically heated body immersed in the air 
stream; the rate of heat loss is proportional to the velocity 
of the air impinging on the hot body. The hot body usually 
consists of a short length of platinum or nickel wire which 
is arranged to form one of the arms of a Wheatstone bridge ; 
a manganin resistance forms the opposite arm. 

There are two methods of measuring air velocity with the 
hot-wire anemometer: one by maintaining a constant tempera- 
ture in the wire, the other by keeping the electric current 
constant. In the former method the resistance to the passage 
of the electric current through the wire remains constant, as 
the resistance is proportional to the temperature; conse- 
quently, the current required to maintain a constant tempera- 
ture is proportional to the velocity of the air stream. In the 
latter method the electric current is kept constant, conse- 
quently the resistance varies with the temperature of the wire ; 
the resistance is thus porportional to the air speed. 

The constant current method gives the best results, but the 
constant resistance method is usually used as it is easier to 
maintain a constant resistance than a constant current. 


* By courtesy of Messrs. Negretti & Zambra, London. 
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(a) Constant Resistance Method. The arrangement of the 
Wheatstone bridge is shown in Fig. 255. The hot wire is 
exposed to the air stream, which tends to cool it; an increase 
in the electric current is then necessary to restore the tempera- 
ture of the wire to its former value. By this means the tempera- 
ture and resistance are maintained constant and the current 
is proportional to the air speed. 

The bridge is kept in balance by varying the current which 
may be measured by an ammeter in series with the hot wire, 


Hot Wire 


| eee AAVACA AAG 


Fig. 255 


or by a high resistance voltmeter connected across the wire 
as shown in Fig. 255. Once the instrument is calibrated the 
air speed can be obtained from the reading of the ammeter 
or voltmeter. 

(b) Constant Current Method. In this form of the instrument 
the electric current passing through the hot wire is kept con- 
stant. Referring to Fig. 255, the galvanometer G of the constant 
resistance method is replaced by a milliammeter; this will 
register any out-of-balance current passing through the bridge. 
An increase in air speed tends to cool the hot wire, which, in 
turn, lowers its resistance to the flow of the electric current 
passing through it. This puts the bridge out-of-balance, the 
out-of-balance current being registered by the milliammeter. 
The out-of-balance current is thus proportional to the air 
speed, the value of which can be obtained from the calibration 
curve of the instrument. The constant current method is used 
for low air speeds. 
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206. Electric Heater Airflow Meter. A method of measur- 
ing the flow of air through a passage is by supplying the air 
with a known quantity of heat and measuring the rise in 
temperature. 

A view of an electric heat airflow meter is shown in Fig. 256; 
this instrument was designed to measure the air supply to a 
petrol engine, and had a diameter of 3 in. at the heater.* The 
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air to be measured is passed through an electric grid heater JK 
which is consuming a known amount of electric current; a 
view of the heater is shown in the top right-hand portion of 
the figure. Equally spaced on each side of the heater are 
placed nickel wire resistance thermometers DB and HC which 
are made in the form of a grid. A view of a resistance thermo- 
meter is shown in the top left-hand portion of Fig. 256. The 
temperature of the air flowing through a resistance thermo- 
meter is measured by passing a known electric current through 
the nickel wire grid and measuring its resistance by the Wheat- 
stone bridge method. As the resistance is a function of the 
temperature of the wire, the instrument can be calibrated to 
give the temperature of the air flowing through it. 

The air is passed through the meter from right to left. It 


* For details, see ‘‘Air Consumption in I.-C. Engines,” by Dr. H. Moss, 
Proceedings Inst. Mech. Engineers, Vol. 1, 1924, p. 345. 
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first flows through the resistance thermometer HC and its 
temperature is measured. It next passes through the electric 
heater JK and has its temperature increased. This increased 
temperature is measured as it flows through the resistance 
thermometer DB. 


Let W = weight of air flowing per hour. 
K, = specific heat of air at constant pressure. 
t = rise in temperature due to heater, degrees F. 
C = no. of kilowatts consumed by heater per hour. 
1 kilowatt = 3412 B.Th.U. 
Then, heat gained by air = heat supplied to heater 


that is, WSK RK tS 3412 XG 
; 3412 x C 
from which We KE Sere lb. per hour 


The heater method was first used by Callendar for measuring 
the specific heat of gases. It was later developed by Professor 
Thomas as an airflow meter for measuring the air supply to 
the furnaces of steam boilers; this meter had a diameter of 
5 ft. 

The electric heater airflow meter does not cause any back- 
wards and forwards surging of the air, which often occurs 
in the orifice method of measurement when applied to I.-C. 
engines. 


EXAMPLES 17. 


(1) Air at 30 lb. per sq. in. and 60° F. is expanded adiabatically through a 
nozzle to a pressure of 14:7 lb. per sq. in.; 10 per cent of the heat drop is 
lost in friction, the energy lost being utilized in reheating the air. Using the 
heat-entropy chart, find the net heat drop, the final temperature and velocity. 

Ans.—U = 18:36 B.Th.U.; — 86° F.; 960 ft. per sec. 


(2) Air at 14:7 lb. per sq. in. and 20°C. is compressed adiabatically in a 
compressor, the efficiency of the compression being 75 per cent. If all the 
losses are assumed to reheat the air and 10,860 ft.-lb. of work per lb. of air 
are required to perform the compression, find the final pressure and temperature 
of the air. Solve by means of the heat-entropy chart and sketch the operation 
on the chart. 

Ans. p, = 19-2 1b. per sq. ims) ta = ole Cy 

(3) Calculate the weight of air flowing through a horizontal Venturi meter 
having an inlet diameter of 4in. and a throat diameter of 2in. The absolute 
pressures at inlet and throat were found to be 60 lb. per sq. in. and 50 lb. per sq. 
in. respectively; the temperature at inlet was 20°C. Assume R = 96 ft. lb. 
centigrade units and y = 1-4, 


Ans.—3-41 lb. per sec. 


FLOW OF GASES 521 


(4) Air from a large vessel discharges into the atmosphere from a small 
orifice placed in its side. The pressure and temperature of the air in the vessel 
are 30 lb. per sq. in. abs. and 15° C. respectively. The diameter of the orifice 
is lin. Assuming R and y for air to be 96 ft. lb. C. units and 1-4 respectively, 
calculate the weight of air discharging per second. The atmospheric pressure 
is 15 lb. per sq. in. and C, for the orifice = -64. 

Ans.—-351 lb. per sec. 


(5) Describe the Pitot tube method of velocity measurement. Comment 
on its accuracy and working range. Describe a manometer suitable for use 
with a Pitot tube measuring air speeds of the order of 40 ft. per sec. 

A Pitot tube gives a pressure difference of 8 in. of water when placed in an 
air stream at 750 mm. barometer and 18° C. temperature. What is the speed ? 


p = :0807 lb. per cu. ft. at N.T.P. 
(London Univ.) 


Ans.—189-5 ft. per sec. 


(6) A Venturi meter having an inlet diameter of 3 in. and a throat diameter 
of lin. is used for measuring the rate of flow of air through a pipe. Mercury 
U-gauges register gauge pressures at the inlet and throat equivalent to 250 mm. 
and 150 mm. of mercury respectively. 

Determine the volume of air flowing through the pipe in cusecs. Assume 
that flow takes place between the inlet and throat under adiabatic conditions 
(y = 1-4) and that the density of the air at inlet is -10 1b. per cu. ft. The 
barometric pressure is 760 mm. (London Univ.) 

Ans.—2-2 cusecs. 


(7) A Venturi meter, whose inlet and throat diameters are 12 in. and 4 in. 
respectively, is employed for measuring the flow of air. 

Calculate the flow in cu. ft. per min. at N.T.P. given the following data: 
The difference of pressure between the entrance to the meter and the throat 
is -6 in. of water; the pressure in the pipe at the entrance to the meter, as 
registered by a water manometer, is 5 in., the temperature is 20° C., and the 
barometric height is 29-83 in. of mercury. The coefficient of discharge for the 
meter is -96. Neglect compressibility and take PV = 96 T for air. 

(London Univ.) 


Ans.—245 cu. ft. per min. 


(8) Find the diameter of a sharp-edged orifice suitable for measuring the 
discharge from an air compressor which deals with 50 cu. ft. per min. of 
“free” air at 14:7 lb. per sq. in. and 15° C. 

The orifice is to be fitted to the top of a large cylindrical vessel into which 
air from the compressor passes and is then discharged into the atmosphere 
through the orifice. The pressure of air inside the vessel is 1 in. of water and 
the temperature: is 20° C. Assume that the density of the air is constant 
through the orifice, and that PV = 967 for air, and take Cz = -6 for the 
orifice. 

Sketch a manometer suitable for the measurement of the pressure inside 
the vessel. (London Univ.) 

Ans.— 2 in. 


(9) Sketch an arrangement of a Pitot-static tube combined with a suitable 
manometer for the measurement of current velocity of an air stream. Give 
the theory of the Pitot tube and comment on the accuracy to be expected from 
an instrument of this kind. 
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If the manometer registers -2 in. of water when the Pitot-static tube is 
placed in a current of air at a temperature of 20° C. and pressure of 750 mm. 
Hg., find the velocity of the air. Take PV = 967. (London Univ.) 


Ans.—30-0 ft. per sec. 


(10) State Bernoulli’s equation for the frictionless adiabatic flow of a gas, 
and apply it to calculate the theoretical flow in lb. per hr. of hydrogen gas 
through a horizontal Venturi meter given the following information: Diameter 
of meter at inlet, 3 in., and at throat, lin.; the pressure is 800 mm. of mercury 
and the temperature is 15° C. at inlet, and the pressure is 765 mm. of mercury 
at the throat. For hydrogen PV1!* = constant for adiabatic expansion, and 

= 1,385 ft. Ib. per lb. per °C. (London Univ.) Ans.—110 Ib. per hr. 


(11) Prove that the maximum continuous discharge of air through a 
convergent nozzle, fitted into the side of a large vessel, takes place when the 
pressure in the throat of the nozzle is -528 of the constant pressure of the 
air in the vessel. 

Find the diameter of a nozzle suitable for measuring the discharge from an 
air compressor which deals with 250 cu. ft. per min. of atmospheric air at 
14-7 lb. per sq. in. and 15° C. The nozzle is fitted into the side of a large 
vessel into which air is discharged from the compressor, and the pressure and 
temperature in the vessel are 33 lb. per sq. in. and 27° C. Assume a coefficient 
of discharge for the convergent nozzle of -99, that for 1 lb. of air PV = 96T, 
and that y = 1-4. (London Univ.) ng ede ae 


(12) Calculate the lift obtained and the h.p. required to drive an aeroplane 
at a speed of 350 m.p.h. The chord area of each of the two wings is 80 sq. ft., 
and the air resistance of all parts other than the two wings is equal to 30 per 
cent of the total wing resistance. The propulsion efficiency of the propeller 
is 80 per cent. 

The lift and drag coefficients, C, and Cp, at the angle of incidence of the 
flight are -36 and -02 respectively. The atmospheric pressure and temperature 
at the altitude of the flight are 10 Ib. per sq. in. and 240° K. respectively. 

What is the Mach number of the plane’s motion at this speed ? 


(ev = 96wT, y = 1-4, v, = J7) 
p/- 


Ans.—L = 6-56 tons; 1,240 h.p.; M, = -503. 


(13) A rocket has a speed of 3,000 m.p.h. and passes through the atmosphere 
where the pressure is -5 Ib. per sq. in. and the temperature 220° K. Calculate 
the Mach number of the rocket’s flight and show by a graphical construction, 
drawn to scale, the shock wave from the nose of the rocket. What is the 
Mach angle of the shock wave? 

Ans.— M, = 4:505; «= 12° 50’. 


(14) A streamline body moves through the atmosphere with a velocity of 
1,500 ft. per sec.; the pressure of the atmosphere is 15 1b. per sq. in., the 
temperature 20° C., and y is 1:4. If the velocity of sound in a gas is given by 


the equation v, = A YP , and the characteristic equation for air is pv = 96w7’, 


calculate the Mach number of the body’s motion, 

Show, by a graphical construction carefully drawn to scale, the shock wave 
caused by the nose of the body, and state the value of the Mach angle in 
degrees. (London Univ.) 

1:33; 


M 
Ans.—| d = 48:809. 
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CHAPTER XVIII 
FLOW OF GASES THROUGH PIPES 


207. General Case for Flow through Lagged Pipe. The adia- 
batic flow of gases through lagged pipes, due to a considerable 
pressure drop and subjected to frictional resistance, presents a 
very complex problem. There is a large increase in specific 
volume of the gas as it flows along the pipe, due to the pressure 
drop and to the frictional reheating. The increase in specific 
volume is accompanied by a corresponding decrease in density ; 
this causes a large increase in velocity towards the low pressure 
end of the pipe because the weight of flow per sec. through any 


P p + dp 
7) (zig 
= 
P; i dx V+ dV P2 
Vi U2 
alae 12 
V; V2 
T £ > 
Fie. 257 


given section must remain constant. The pressure drop is 
absorbed in overcoming the frictional resistance and in provid- 
ing the accelerating force necessary to cause the increase of 
velocity. 

If the pressures at the two ends of the pipe and the tempera- 
ture at inlet are known, it is possible to calculate the velocity, 
temperature, and pressure at any part of the pipe and the 
weight of flow per sec. This can be done by the application of 
the four fundamental equations governing the flow of gases, 
namely, the momentum equation, the energy equation, the 
characteristic equation of a gas, and the law of continuity 
of flow. 

Let a known gas flow through a pipe of length /, diameter d, 
and. cross-sectional area a, as shown in Fig. 257. Let the 
suffixes 1 and 2 apply to the inlet and outlet ends respectively. 
The pressures pı and p, and the absolute temperature T} 
are known. 

Consider a short length da of the pipe at a distance x from the 
inlet end. Let p, T, v, V, and w be the pressure, absolute 
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temperature, velocity, specific volume, and density at the left 
of the short length of pipe. Let these change to p + dp, 
T +dT,v +d, and V +dV over the length dz. 
The frictional drag, D, on the inside surface of the pipe 
can be obtained from the equation of Art. 158, 
Cp Av? 


e inn 


Let f = Darcy’s frictional coefficient used in the equation 
ie aa then f = Cr(arts 175): 
furdlv* 
2g 
fad? w? 
= 4 Vga’ as w = V 
2falv* 
= gVd 
Applying this equation to the short length of pipe dz, 
2fav 
gVd 
Applying the momentum equation to the short length of 
pipe dx, 


( force due to ) ee Gr of change 


pressure difference of momentum 


Then, D; for whole pipe 


aD, = X dæ 


+ frictional drag 


2 
then, Ip = (p+ dp)ja = Ew + dv) =o) T 


Hence ee 
dp wv (dv | afv 
or, ET E Vg A Rad . . . (1) 


Another equation can be obtained by applying the energy 
equation [Equation (1), Art. 193] to any length of the pipe. 
This equation may be written 


oF; KT F T's) a 


ley Pre od 
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if constant specific heats are assumed, and K, is in ft.-lb. units. 
Applying Equation (2) to the short length of pipe dz, 


v? -— (v + dv)? 
Kar- (rany = EE 
2 __ (y2 2 
Hence, =K aT = E na apy 
ae 
g 
Dividing throughout by dx, 
aT vdv 
Do Py Fa yee a (3) 


A further equation can be obtained by differentiating the 
characteristic equation for a gas. For 1 lb. of gas, 


OY == led, 
Differentiating, pdV + Vdp = RaT 
Dividing throughout by dz, 


dV dp dT 
ee 


The final equation is obtained from the law of continuity 
of flow, 
wav = W 


As W and a are constant throughout the whole length of the 
i 
pipe, and w = P 


= = s = constant 
Differentiating, 
Vdv -vd V = 0 
Hence, aV = u 
Dividing throughout by dz, 
dV Vd 
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dV 
Substituting the value of —— ae from Equation (5) in Equation 
(4), 
V dv , dp dT z 
p ne Ae -+ Tis = R ie . . . (6) 


T dp $ : dT 
Substituting the values of ER from Equation (1) and T 


from Equation (3) in a (6), 


pa (ee , 
Py dz a? A rO RT K, gdz E) 
R -1 

Substituting for pV = RT and aie a 3 —, 

dv [RT ig paa Mal =| 2fv? 

deLv aa ~ yd 
: do [RT v] _ 2fv l 
a dx v yW > gd $ $ (8) 


Applying Equation (2) to the conditions at the entrance of 
the pipe and at the section x ft. from the entrance, 


> > yes 
KP RT F J 29 
Jee Ta ve 
from which, at yK, + yE, 


Substituting this value of 7T in Equation (8), and dividing 
PEE by v?, 


AE (5 - 1 _ 2f 
2K uv + ax pe) yv d 


RgT, R Rv? 1 2fda 
Hence, dv | v 2K wv + IK v8 a way a 


Integrating between the limits v = J and 0, and v = v, and v, 


fa) 


a l 
| (ann Rdv Rodo dN _ | fix 


we  2Kw | 2K yo he 
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RTg | i Le AN Ya Ho 


Substituting for — = —— 


p 


ena -A-C 


Va? 


log, 7 -1 


Let r = ratio of velocities at ends of pipe 


=a eee 2 


TN 


= (2) x as shasta cried Shak T) 


Substituting v, = rv, in Equation (9), 


T) - (2) ogr + CE (—)- =F. (11) 


2 
4y?y,? 


This is a general equation for all gases; the values of R and y 
can be substituted when applied to any given gas. It should 
be noticed that œR is in ft.-lb. units. If applied to air, y = 1-4 
and R = 96 in C.H.U. or 53:3 in B.Th.U. Equation (11) then 
becomes, 


RT g(r? — 1) 
4y2y,? 


y2— 1 =f 


-429 log,r + -035 (= 


From Equation (11), 


ia TRL 7) ogg 7a! Sra 
AEG) CP, 


Applying this equation to air, y = 1-4, then 


he ea ae) ae (14) 
AL 0 ge 00s =D) 
n + -429 log,r — -035 
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neers (11) to (14) may be termed the momentum 
equation, as they were evolved from the application of the 
fundamental momentum equation. 


Substituting v = rv, in Equation (2), 


T v? 2 
t= Tee 2g (y*— 1) 
29K (7, T 
from which v= n g = “1 2) s ; 415) 


where K, is in ft.-lb. units. 
If constant specific heats are not assumed, this equation 
becomes 
Ig), = 
ae (r? — 1) 


. (16) 


Equations (15) and (16) may be termed the energy equation. 

The adiabatic flow through a given pipe can now be solved 
by the application of the momentum and energy equations ; 
the solution can only be obtained by trial or by plotting. If 
the values of p,, Pa, and T} are known, the two equations (13) 
and (15) can be plotted on a base representing T, and ordinate 
representing vı. Values of T, should be assumed and the cor- 
responding value r for each value of T, can then be calculated 
from the equation 


Pe Py 

The values of v; from the two equations (13) and (15) can then 
be calculated for each equation and plotted. The point of inter- 
section of the two curves gives the correct value of v; and T. 
This has been done for air, and Equations (14) and (15) are 
shown plotted in Fig. 258. 

It will be shown later (Arts. 210 and 212) that the maximum 
possible value of v, is when v, reaches its sonic velocity; that 
is, when the Mach number at outlet is unity. This fact limits 
the weight of flow through the pipe. 

Having found the value of v,, the weight of flow pace the 
pipe can be calculated from the equation 


W = wav lb. per sec. 


208. Method of Solution of Momentum and Energy Equations. 
The application of the energy and momentum equations of 
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Art. 207 to a given problem of adiabatic flow of a gas through 
a pipe is illustrated by the following worked-out example. 
Consider a 6 in. diameter lagged pipe, 1,000 ft. long, through 
which air is flowing. The pressure and temperature of the 
entering air is 200 lb. per sq. in. and 600° F. abs. and the 
pressure at the outlet end of the pipe is 100 lb. per sq. in. 
Darey’s frictional coefficient f is -0025. It is required to find 
the temperature of the air at outlet and the weight of air 
flowing per sec. Then p, = 200, p, = 100, and T, = 600, 


400 


v, (ae per sec.) 


LST 
Toa i 
200 ` IN = T 
100 600 300 
kR = 53:3 ft. lb. units, F. degrees 
K, = 24 x 778 ft. lb. units 
l -0025 x 1,000 
= = 
From the energy equation [Equation (15), Art. 207], 
v pit a aS 7 a ft. per sec. 
a, zI a) 
= Guest) : . ; ; : 


hence, 


Qi 


eat) 
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From the momentum equation [Equation (14), Art. 207], 


53-3 X 600 x 32-2(r?— 1) Mi oer sec 
D= - ce ay) . p fx 
4r? E + +429 log.r — -035 — z 


257,300(r? — 1) 
TA = 
r2? | 5 + -429 log,r — -035 


These equations are best solved by ae various values 
for T, and calculating the corresponding values of r from the 
above value 


(2) 


= 300 


Then, by substituting these values of r in the above energy 
and momentum equations, the corresponding values of v, can 
be calculated. These values of v, can then be plotted for each 
equation on a base representing 7’,; the point of intersection 
of the two curves gives the correct value of v, and Ts. The 
method is demonstrated in the following table. 


DA 7 Energy Equation | Momentum Equation 

(CF Ete WL Ty r2 log, r (Eq. 1) (Eq. 2) 

Iy 300 vi One 

598 1-99} 3-97 | -6886 90:0 191-0 

596 1-985 3°94 | -6856 127-6 190-9 

594 1-980 3:92 | -6831 157-0 190-8 

590 1:965 3°87 | -6755 208-5 190-4 

570 1-900 361 -6418 372-0 188-4 


The values of v, for each equation are shown plotted in Fig. 
258. From point of intersection of curves, A, 


v, = 190-5 ft. per sec. 
T, = 591:5° F. abs. 


Then, r=% x Ts 
pe rs 
a 200 591-5 E 
100 ^ 600 ` 
hence, ta == i K Oh 


= 1:975 X 190-5 = 376-2 ft. per sec. 
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At inlet end of pipe, 
1449, V, = Rw,T; 
144 x 200 x 1 
53-3 X 600 
==+9 Ib: per cub. ft: 


For one cubic foot, w; = 


Weight of air flowing = W = w X nie OL: 


EO XX S (x)? x 190-5 
= 33-6 lb. per sec. 


209. Variation of Pressure, Temperature, and Velocity 
throughout Length of Pipe. The variation of pressure, tempera- 
ture, and velocity throughout the length of a given pipe can 
be obtained from the equations of Art. 207 for a given inlet 
pressure pı, temperature Ti, and outlet pressure p, From 
these values the inlet velocity v, can be calculated by the 
method shown in Art. 208. 

Consider a section of the pipe at a distance of from the 
inlet end. Let p,, Tp, and v, be the pressure, absolute tempera- 
ture, and velocity at the section. As the inlet velocity v, 
is now known, and the frictional resistance term at the section 


is now ig the value of the velocity ratio r, at the section can 
be calculated for any assumed value of x from the momentum 
equation of Art. 207. Then v, = 7,2,. 

First apply the momentum equation [Equation (13), Art. 


207], 


A RT g(r,- 7 
fz yal E -1 /rŻ-— =] 
2 
4r; [5+ locen ae 
For an assumed value of x, ie equation will give he value 


of r, as v, and T; are already known. 
Next obtain v, from the equation 


DR S ON 
Next calculate the value of T, from the energy equation 
[Equations (15) or (16), Art. 207], 


n= RTT 
z Ce = 1) 
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Then, from Equation (10), Art. 207, 


T 
TLE e 


Pr Ik 
from which the value of p, can be calculated. 

By repeating this for different values of x, the values of 
Pa Ta and v, are obtained for the whole length of the pipe. 


Ve 


aS 
i) 
Q 
D 
1200- p% 
rs 
1000} .< 600 
oe 
as 
O L 
2 800} & |580 
3 S 
43 600} |560 i 
Ve se 
$400lz00|540 
20070] s20} == eel TiS 


(010) 
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x = Distance from pipe inlet (ft) 
Fie. 259 


This method has been applied to a given pipe problem and 
the values of p, Ta and v, so obtained are shown plotted to 
scale in Fig. 259. These results are for air flowing through 


l 
a 6in. diameter pipe, 1,000 ft. long, the value of being 5. 


It will be noticed from the curves that there is a rapid drop in 
pressure and temperature in the last 5 per cent of the pipe’s 
length. This is accompanied by a very rapid increase in 
velocity, the velocity curve being almost vertical at the outlet 
end of the pipe. The final point on the velocity curve shows 
that the Mach number of the flow was unity at outlet. It will 
be shown in Arts. 210 and 212 that the velocity in any pipe 
cannot exceed that producing a Mach number of unity. 

The rapid increase in velocity near the outlet end of the pipe 
is mainly due to the large increase of specific volume; this - 
causes a choking effect on the flowing gas and limits the 
outlet velocity to its sonic value. 
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210. Line of Condition on the T —¢ Chart. The pressure and 
temperature of the gas as it flows along the pipe can be plotted 
on the temperature-entropy chart; the points obtained will 
represent the varying condition of the gas for the whole length 
of pipe. This has been done for the air flow problem of Art. 209, 
and the pressures and temperatures have been plotted on the 


Temperature 


Entropy 
Fra. 260 


heat-entropy chart given on the folding inset facing page 480. 
By joining the points by a smooth curve the line of condition is 
obtained for the air as it flows along the whole length of the 
pipe. This diagram is reproduced, to scale, in Fig. 260. The 
line of condition so obtained is called a Fanno curve. 

Qn examining the line of condition it will be noticed that it 
becomes vertical at a point A. It is found that this point 
corresponds to an outlet velocity having a Mach number of 
unity. Beyond this point the curve inclines to the left, thus 
denoting a decrease in entropy. But the velocity of-the points 
of the curve below A is supersonic, as it is continuously in- 
creasing as the pressure falls along the pipe. This means that 
the entropy is decreasing, although there is an increase in the 
frictional reheating. This is impossible in nature as frictional 
reheating causes an increase in entropy. Hence, it follows 
that the expansion of the gas cannot occur beyond the point A. 
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It will be seen from this that the velocity of a gas in a pipe 
cannot exceed its sonic velocity and the Mach number of its 
flow is limited to unity. The line of condition can only hold 
up to the point A, at which point the curve is vertical. Any 
further pressure drop at the outlet of the pipe will cause the 
flow to choke and no further increase in velocity or weight of 
flow can occur. Hence, the maximum weight of flow of gas 


600 
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through a pipe for a given pressure drop occurs when the 
Mach number of the flow at outlet is unity. 

211. Variation of Outlet Pressure for a Given Pipe. The 
effect of the variation of the outlet pressure p, on the flow 
through a given pipe is demonstrated in the curves of Fig. 261. 
It is assumed that the inlet condition of the gas remains 
constant; then the values of p, and 7’, are fixed. The value of 


l or 
if for the pipe is also constant. By applying the momentum 


and energy equations of Art. 207 [Equations (13) and (15) ] 
the values of v, can be calculated for a complete range of 
assumed values for p,. The values of v, so obtained are shown 
plotted, on a base representing p», in Fig. 261 for two different 


pipes, one having a value of Fhe ‘5, the other having a value 
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ram 5. The value of p, which produced sonic flow at 


outlet, was also calculated, for each pipe, and their positions 


Total heat 


Entropy 
Fie. 262 


are shown plotted on each curve. These points represent the 
outlet pressure and value of v when M, = 1. 
On examining these velocity curves it will be noticed that 
the entrance velocity increases as the outlet pressure is reduced 
18—(T.5167) 
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and reaches its maximum value when M, = 1. The portion 
of the curves beyond this point is shown dotted, because any 
further reduction of the outlet pressure causes the flow to 
choke and no further increase of v, and weight of discharge is 
possible (Art. 210). Thus, the energy and momentum equations 
of Art. 207 only hold up to the condition when M,, = 1. 

The outlet condition of the gas for each pipe is shown 
plotted on the heat-entropy chart of Fig. 262 for each assumed 
outlet pressure. A smooth curve has been shown drawn through 
the points obtained, and the point representing the condition 
of M,, = 1 is shown plotted on each curve. It will be noticed 
that the curves are vertical when the sonic speed at outlet is 
reached; below this point the curves are shown dotted as they 
represent a condition of flow which cannot be attained. 

It should also be noticed that the inlet velocity curves of 
Fig. 261 also represent the weight of discharge per sec. to a 


different scale, as X 
> W = wav 


and w, and a are constant for each pipe. 

212. Effect of Outlet Pressure on the Frictional Reheating. 
The fact that the outlet velocity v, cannot exceed its sonic ` 
speed is also demonstrated by an examination of the frictional 
reheating. Referring to the lines of condition at the outlet end 
of the pipe for various values of p, shown in Fig. 262, the amount 
of frictional reheating at any point can be obtained from the 
method given in Art. 194. This can be repeated for all values 
of p, and the results plotted on base representing pz. 

a Consider the line of condition of the pipe having a value of 

d 


= :5, and consider any point C at a known value of pə. 


Had the expansion in the pipe been a pure adiabatic without 
friction it would have been represented by the vertical line AB, 
the point B being on the same constant pressure line as C. 
Let the horizontal through C cut the adiabatic line AB at D. 
Then the frictional reheating is represented by the constant 
pressure process BC and the total heat, or enthalpy, produced 
`- by the reheating is represented by DB. This can be scaled off 
from the heat-entropy chart given on the folding inset facing 

page 480, or it can be calculated from the specific heat. i 
Hence, frictional reheating at point | 


C in B.Th.U. per Ib. of gas | D 2 


i pe) 
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This has been done for all the points of the line of condition and 
the results are shown plotted, on a base representing p» in 
Fig. 263. 

It will be seen from the curve obtained that the amount 
of frictional reheating increases as Pz is reduced and reaches a 
maximum when the Mach number at outlet is unity. For 
values of p, lower than this critical value, the amount of 


Frictional reheating (B.Th.Uper ib) 


(0) 20 40 60 80 1/00720 /40 /60 /80 
Pressure at outlet of pipe, p,,(/b.per sg.in) 


Fre. 263 


reheating is reduced. This is impossible in practice because 
the lowering of p, would produce an increase in velocity which 
must produce an increase in frictional reheating. Hence, it 
follows that the value of p, cannot fall below that which 
produces sonic speed in the pipe at its outlet end. This con- 
firms the result obtained in Art. 210. 

It will be noticed in Fig. 263 that the portion of the reheat 
curve beyond the value of M,, = 1 is shown dotted. This is 
because this portion of the curve is unattainable in practice 
because the value of the Mach number at outlet is greater 
than unity. 

It follows that as the velocity at the outlet end of a pipe 
cannot exceed its sonic velocity, the pressure in the pipe at 
outlet cannot be less than that required to produce a value of 
M,,= 1. If the pipe is exhausting into a chamber having a 
lower pressure than this, there will be a sudden pressure drop 
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between the pipe outlet and the chamber. This will cause 
shock waves to occur in the jet exhausting into the chamber 
and a corresponding loss of energy. 

213. Chart for Flow of Air in Pipes. The application of 
the momentum and energy equations given in Art. 207 to a 
given pipe flow problem causes a considerable amount of 
labour in obtaining the solution. In order to reduce the work 
involved, the author has prepared a chart from which the 
solution can be readily obtained for a known pressure drop 


ratio and a known value of L The chart has been reproduced 
to scale on the accompanying folding inset. 

The base represents the temperature ratio T for the inlet 
and outlet ends of the pipe, and the ordinate represents the 
value of a which is proportional to the Mach number at 
inlet. The curves shown as full lines are lines of constant 
pressure ratio, a for the inlet and outlet ends of the pipe. 


2 
The dotted line curves represent constant values of =. The 


d 
boundary curve represents the condition when Ma = 1 at 
the outlet end of the pipe; this is the limiting condition, and 
no values to the left of this curve are attainable. 


At the extreme right of the diagram, between values of = of 
1 


‘995 and 1-0, the chart is too congested to give accurate 
results; the temperature change over this range is too small 
to be taken into account, hence the flow is approximately 
isothermal and the problem can be solved by the application of 
the simple methods given in Arts. 202 or 203. 

In the solution of a pipe problem by the chart, if the values 


P 
of T T,,a and z are known, from the point of intersection of 


> l 
the Pr curve with ee curve the values of Ts and a 
1 


P2 d T / gI 
read off the chart. From these ratios the values of v, and T, 
can be calculated. Then 


can be 


W = wav lb. per sec. 


rf 
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EXAMPLE. 


Find the maximum discharge from a l}in. diameter pipe, 10 ft. long, 
which exhausts into a chamber at atmospheric pressure. The pressure and 
temperature at the inlet end of the pipe are 40 Ib. per sq. in. and 80° F. 
Assume f = -0025 for the whole length of the pipe. 


fl -0025 x 10 
a = I —— 
8 


T, = 460 + 80 = 540° F. abs. 


From heat-entropy chart, w, = -208 lb. per cub. ft. 
From pipe-flow chart, the outlet end condition is given by 


i fl 
the point of intersection of the f = +2 line with the curve 


representing M,, = 1. This gives Tit == 27°16, 
1 


Hence, maximum v, = 27-15 x V540 
= 631 ft. per sec. 

Then, maximum W = war, 
= :208 X -785 x (4)* x 631 
= 1-548 lb. per sec. 


214. Value of Darcy’s f by Successive Approximations. 
The value of Darcy’s frictional coefficient f must first be assumed 


for finding the value of e This can be taken as -0025 as a 


first approximation. From the results obtained by this 
assumed value the mean value of R, can be estimated; from 
this a more exact value of f can be obtained from the Prandtl 
curve of Fig. 282. Then by using this pew, value of f a new 


value of 2 is obtained. The problem canfnow be solved from 


l 
the chart by using this second value of Fland a more accurate 


result obtained. No further attempts are necessary as the 
value by this second approximation is of sufficient accuracy. 

The method of using the chart and a solution by the above 
method of successive approximations are demonstrated in 
the following worked-out example. 
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EXAMPLE. 


Air flows through a 6 in. pipe, 100 ft. long. The pressure and temperature 
at the inlet end are 200 Ib. per sq. in. and 600° F. abs.; the pressure at the 
outlet end is 120 Ib. per sq. in. Calculate from the chart the discharge in lb. 
per sec. and the final temperature and velocity of the air. 


Assume, for a first approximation, Darcy’s f = -0025. 
fl _ -0025 x 100 


Then, 7 5 5 
Dr eee gs 
D TOn Iei 


The point of intersection of the curves representing these 
values can now be obtained from the pipe-flow chart. 
From chart, 


Sie = 19-5 and 7 = -9513 
Hence, v = 19:5 X V600 = 478 ft. per sec. 
Also, T ==(9013..< 600571 heals. 
Hos aie RE 
P Ty 
== "O67 *9oLo.—= 1708 
Pty 


= 1:58 x 478 = 756 ft. per sec. : 

Next find the approximate mean value for R, from the 
approximate mean velocity on the assumption that the 
velocity, density, pressure, and temperature variation along 
the length of the pipe follow a straight line law. 


Mean velocity = ee 
478 + 756 
= da i = 617 ft. per sec. 
Mean temperature = eet 
600 + 571 


2 = 585° F. abs. 
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Mean pressure = e 


200 + 120 
= ae! = 160 lb. per sq. in. 
From total heat-entropy diagram, at p = 160 and T = 585, 
mean density in pipe = :77 lb. per cub. ft. 
From viscosity curve for air given in Appendix II, 
. mean value of coefficient of viscosity = -412 x 10-6 
d 
Mean k, = a 
u 
a T 
A LASO 
log 17-9 x 10° = 7-253 
From Prandtl curve of Fig. 282, f= -00185 
Second Approximation. Using above new value for f, 


fl -00185 x 100 


= Oa Oe 


Shai 


d “5 
. ; ; fl 
From pipe-flow chart, using this new value of T 
vi T, 
= 21:4 and z = 944 
V T, 
Hence, v = 21-4 X V600 = 524 ft. per sec. 
and T, = -944 x 600 = 566° F. abs. 
ry = 1:67 X -944 = 1-578 


Vp == 524 X 1-573 = 824 ft. per sec. 

These results may be taken as the final values; it is found 
that any further approximations do not materially affect them. 

From heat-entropy diagram, w, = -95 lb. per cub. ft. 

Then, W = wan 
== -95 < -785 (4)? K 524 
— 97-5 lb. per sec. 

215. Pipe Flow from One Chamber to Another. The problem 
of the flow of gas between two containers by means of a long 
pipe can be solved by the method of successive approximations. 
Tt will be found that a result of sufficient accuracy is given by 
the second attempt. 
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Consider the problem shown in Fig. 264. Let the left-hand 
chamber be the high-pressure supply and be maintained at a 
constant pressure and temperature. Let the gas flow into the 
right-hand chamber which is maintained at a constant pressure 
py. A vena contracta is liable to form at the entrance of the 
pipe. Let Section 1 represent the commencement of the normal 
full flow in the pipe after the vena contracta, and let Section 2 
be the outlet section of the pipe where the pressure reaches pz. 


Fie. 264 


Now the energy and momentum equations obtained in Art. 
207 will only apply to the pipe between Sections 1 and 2, but 
the pressure at Section 1 will be less than p, by an amount 


2 
due to the velocity head, z As a first approximation, apply 


the equations of Art. 207 to the pipe for a pressure range of 
Pı to Pa, thus ignoring the velocity head. This will give an 
approximate value for v,. Then, 


actual value of pressure 
at Section 1 


Using this new pressure, the calculations can be repeated as a 
second approximation, and a new and more accurate value of 
v, obtained. This second value will be found to be of sufficient 
accuracy and no further attempts are necessary. 

The new temperature and density at Section 1 can be found 
from the heat-entropy diagram by assuming the expansion 
between the high-pressure chamber and Section 1 to be 
isentropic. 

Let w, = density at Section 1 after isentropic expansion. 
Then, W = w,av, lb. per sec. 

This problem can also be solved for air by using the pipe-flow 
chart of Art. 213 instead of the energy and momentum equations. 
The application of the above method is shown in the following 
worked-out example. 


Sees l 
= pı- 2g lb. per sq. ft. 
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EXAMPLE. 


Air at a pressure of 200 lb. per sq. in. and a temperature of 600° F. abs. 
flows from a chamber through a 6 in. diameter pipe, 100 ft. long, into another 
chamber in which a constant pressure of 120 lb. per sq. in. is maintained 
(Fig. 264). The high-pressure chamber is maintained at constant pressure and 
temperature. Calculate the weight of discharge and velocity at outlet assuming 
a constant value of -0025 for f. 


First Approximation. Neglect velocity head at Section 1. 


fl _ 0025 x 100 | s 
do 5 as 
E rs. 
pe 120 ae 
From pipe-flow chart, 
vi 
= 9:5 
VT 
hence, v, = 19-5 X V600 = 478 ft. per sec. 


From heat-entropy diagram, 
w, = -95 lb. per cub. ft. 
ww? 
144 X 2g 
-95 X 478? 
144 x 64-4 


= 23-3 Ib. per sq. in. 


Pressure drop at Section 1 = 


New value of p, = 200 — 23:3 = 176-7 lb. per sq. in. 


From heat-entropy diagram, assuming isentropic expansion 
from 200 lb. per sq. in. to 176-7 lb. per sq. in., 


new value of T} = 580° F. abs. 
new value of w, = -87 lb. per cub. ft. 


Second Approximation. From pipe-flow chart, using the new 
values of p,, w, and Ti, 


POE DE 
o F120 = 1-472 
Vv. 
Then, 1_ = 18-5 
VT 
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Ty 
Also, T, at i 
hence, T, = -97 X 580 = 563° F. abs. 
W = wav 
= i xX A E x 
= 76-2 lb. per sec. 
Pı Ts 
r=2 x z 
Pa 


= 1-472 XX = 16435 
C—O KT 
= 446 x 1-43 = 63 ft. per sec. 
216. Equations of Flow in Terms of Mach Numbers. The 


momentum and energy equations of Art. 207 can be expressed 


in terms of the Mach number by substituting for the velocity 
of sound. 


From Equation (2), Art. 184, 


velocity of sound = v, = F 
w g 
—— 1 
= Vv. pVyg, asw = y 


= V RTyg, as pV = RT 
Hence, at inlet and outlet ends of the pipe, 


va = V RT g f ; . 2) 
= ee je) 
Also M= and M,, 
ni ait 


From the energy equation (Equation (15), Art. 207), 
o [ET 
; i =1) 


Gente eye 
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Substituting for v,, and v, from Equations (1) and (2) 


> 


0,2 = v2) 
Be hen Phen Siam 


But ‘= — 


Hence, V, = 


mG Vy ad MM One 


2 M,2 M202 
) (y —1) (7? - 1) 1 r? 
from which, 5 = T, eee ; at) 


Equation (5) is the energy equation in terms of the Mach 
numbers at inlet and outlet. 
From the momentum equation [Equation (13), Art. 207] 


7 RT g(r?— 1) 
Lge 1 ey eae Sal aiya 
PA | | Ges SS be 5 (Seer 
A E a ( 4y log," 8y fie ) | 


a: from Equation ea 


za 


ap e 


But — =e) hence, 


$1 


(r2 — 1) 
= i 2] 
E ee calc 
Equation (6) is the momentum equation in terms of the 
Mach number at inlet. 


217. Isothermal Flow of Gas through Pipes. This is a general 
case for isothermal flow; it occurs in pipes which are unlagged, 


v= 
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and gives results which hold for larger pressure drops and 
which are more accurate than the approximate methods 
given in Arts. 202 and 203. 

Consider the pipe shown in Fig. 265 through which gas is 
flowing isothermally from left to right against a frictional 
resistance which reheats the gas. The temperature is main- 
tained constant throughout its length by an interchange of 
heat through the walls of the pipe. Let suffix 1 apply to the 
inlet end and suffix 2 to the outlet end. Consider a section at 


P p+dp 

e) utdu 
P, V+dV P, 
V; V2 
v, V2 
7 if 


Fie. 265 


x from the inlet end and having a length dz. Let p, v, and V 
be the pressure, velocity, and specific volume at the left of the 
section, and let these increase to p + dp, v + dv, and V + dV 
at the right of the section. 

The momentum equation for this pipe can be deduced in the 
same way as Equation (1) for adiabatic flow was deduced in 
Art. 207; the same proof and result apply to isothermal flow 
also. Hence, the momentum equation for isothermal flow is 

TD as OES 
dx gV\dx' a 
For isothermal expansion, 
pV = constant 


Differentiating, pdV + Vdp = 0 


(1) 


Hence, -dp = _ ; 5 ene) 
From the law of continuity of flow, 
W = wav 
__ av 
ITA 
Hence, si wW = constant 
Von wa 
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Differentiating, Vdv-—vdV = 0 


or me = a 3 
aee : : ; TES) 
Substituting Equation (3) in Equation (2), 
dv 
Dividing throughout by dz, 
dp pdv 
"de vda 1$) 


Substituting Equation (4) in Equation (1), 
p dv 2fv 
vde yV s(t =) 
V dv dv | 2fv 

then, a Nae + =) 

Substituting for pV = RT, 

dv (- 1) S 2fv 
da d 


2 
or, gRkT vu dv — es = ae 


Integrating between the inlet a outlet ends of the pipe, 


Vg Va l 
S al 
yar | ram- | ai 


- [all Pe] 
Then, P 0g,v 7d 


gos (es oa 
eee mae (a OO NS a 
Substituting for r 
gRT(r? — 1) 2fl 
2r2y,2 loge T d 


RT (r? Tl 
Hence, W = RN : - (5) 
ye (logs -+ 2) 
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For isothermal flow, 


Hence, if the pressure ratio between the inlet and outlet ends 
of the pipe is known and the temperature T is known, the value 
of v, can be calculated from Equation (5) for any assumed 
value of Darcy’s f.. The approximate mean value for f can be 
obtained by the method of successive approximations given 
in Art. 214. This is also demonstrated in the following worked- 
out example. 

It is interesting to notice that Equation (5) could have been 
obtained by substituting y = 1 in the equation for adiabatic 
flow [Equation (13), Art. 207]. This is because both expansions 
may be assumed to follow the law pV” = constant, where 
n = y for an adiabatic expansion and n = 1 for an isothermal 
process. 

If the line of condition for an isothermal flow be plotted on 
the heat-entropy chart a horizontal line is obtained because the 
temperature is constant. If the flow had been a frictional 
adiabatic, the line of condition- would have been as shown in 
Fig. 260. Hence, for the same pipe flow problem, the vertical 
distance between these two lines of condition would represent 
approximately the heat flow through the walls of the pipe. 
It is obviously impossible for this large heat transfer to take 
place in such a short interval of time in the case of an isothermal 


l 
flow having a large pressure drop and alow value of £ and the 


actual flow would tend to approximate to the adiabatic con- 
dition, in which case, the Mach number of the flow at outlet 
cannot exceed unity. From this it appears that an isothermal 
flow is only possible for small pressure ratios or in very long 


pipes having large values of M and in all cases the value of 
M,, cannot exceed unity. 

The problem of isothermal flow from one chamber to another 
by means of a pipe can be solved by a method of successive 
approximations in the same manner as that of the adiabatic 
flow given in Art. 215, except that the isothermal equation 
[Equation (5)] should be used instead of the adiabatic equations. 


EXAMPLE 


Air at 100 Ib. per sq. in. pressure and a temperature of 60° F. flows isotherm- 
ally along a pipe 3 in. diameter and 60 ft. long; the pressure at the outlet end 
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is 50 lb. per sq. in. Calculate the flow in Ib. per sec. and the velocity at outlet. 
Assume a value for Darcy’s f and correct this value by a second approximation. 


Assume f = :002 as a first approximation 


T = 460 + 60 = 520° F. abs. 
Ree is 100 ame, 


Po 50 
Applying Equation (5 


ae 
= ES n 
2r? E + N 


i 32-2 X 53-3 X 520 (4-1) 
15 x 4 (log, 2 | ZEK H x ~) 
4 
= 450 ft. per sec. 
Then C= 10, 
= 2 X 450 = 900 ft. per sec. 
450 + 900 
2 
Mean pressure = 75 lb. per sq. in. 
From Appendix IT, 
Mean coefficient of viscosity = u = -37 X 10-* engineers’ units. 
From heat-entropy diagram, 
mean w = :4 lb. per cub. ft. 
pvda 
u 
-4 X 675 X +25 
a 37 10 = 
From the Prandtl curve of Fig. 282, f = -0022. 


Second Approximation. Substituting this value of f in 
Equation (5), 


Mean velocity = = 675 ft. per sec. 


Then, mean R, = 


5-66 X 10° 


32:2 x 53:3 x 520 x (4-1) 
eee ee 2 x -0022 x 60 
tat a ) 


= 437 ft. per sec. 


4 
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Then U, = 437 X 2 = 874 ft. per sec. 
From heat-entropy diagram, 
w, = Do 
Flow per sec. = W = wav 


Te (4)? x 437 


4 
= 11-34 lb. per sec. 


218. Equation for Isothermal Flow in Terms of the Mach 
Number. For isothermal flow the velocity of sound remains 
constant along the whole length of the pipe, as it is a function 


of the absolute temperature only. 


From Art. 216, 
Use yg kT 
1D) 
Then M, = pee 
yg RT 


Substituting for v,"in!Equation (5), Art. 217, 


(P=) 
eer afl 
r 2r2y (1og,r + 2 


As the velocity of sound is constant, 


p vs BUS 
1 Ma, 
M 
Hence, = a 


Substituting this value in Equation (1), 


$ (7° = 1) 
on i 2y (er + 2) 


EXAMPLES 18. 


(1) 


(2) 


(1) Air at a temperature of 60° F. and a pressure of 60 lb. per sq. in. flows 
through a lagged pipe of 1 in. diameter and 20 ft. long; the pressure at the 
outlet end of the pipe is 24 lb. per sq. in. Assuming f = -0025 throughout, 
calculate from the equations of Art. 207 the discharge in lb. per sec. and the 


velocity at the outlet. R = 53-3 ft. Ib. Fahrenheit units and y = 1-4. 


Ans.—W = -74 lb. per sec.; v, = 958 ft. per sec. 
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(2) Hydrogen flows through a lagged pipe 1} in. diameter and 30 ft. long. 
The temperature and pressure at the inlet end are 20° C. and 19 lb. per sq. in.; 
and the pressure at outlet end is 14-7 lb. per sq. in. Assume f = -004 through- 
out the length. For hydrogen, R = 1,375 ft: Ib. centigrade units, K, = 3-43 
heat units and y = 1-4. Calculate the weight of flow and the velocity at outlet. 


Ans.—W = -0914 lb. per sec.; v, = 1,402 ft. per sec. 


(3) Find the maximum flow of air along a 2 in. diameter pipe, 20 ft. long, 
if the pressure and temperature at the inlet end are 60 lb. per sq. in. and 60° F., 
and if the outlet end exhausts into a chamber in which the pressure is atmos- 
pheric. Assume f = -002 throughout the length of pipe. 


Ans.—W = 4-04 lb. per sec. 


(4) A lagged pipe, 2 in. diameter and 50 ft. long, connects two large cham- 
bers A and B. Air flows adiabatically along the pipe from A to B. A constant 
pressure of 40 lb. per sq. in. and a temperature of 60° F. is maintained in A 
and a constant pressure of 15 lb. per sq. in. is maintained in B. Assuming 
the pipe frictional coefficient f to be -002 throughout the length of the pipe, 
calculate to the second approximation the weight of air flowing per sec. 
between the chambers. 

Ans.—W = 1-8 lb. per sec. 


(5) Find the weight of flow of air through a 14 in. diameter pipe, 80 ft. long, 
when the pressure in the pipe at the inlet end is 90 lb. per sq. in. and that at 
the outlet end 30 lb. per sq. in. Use a mean value of Darcy’s f obtained 
by a method of successive approximations. The temperature of the air at 
inlet is 100° F. Find also the temperature and velocity of the air at outlet. 


Ans.—W = 1-757 lb. per sec; T = 445° F.; v, = 874 ft. per sec. 


(6) Air flows from a compressed air chamber through a 1 in. diameter pipe. 
The pressure and temperature of the compressed air in the chamber are 
maintained constant at 100 lb. per sq. in. and 70° F.; the length of the pipe 
is 100 ft. and the pressure at the outlet end of the pipe is 40 lb. per sq. in. 

Calculate the discharge in lb. per sec. Allow for the pressure drop at the 
pipe inlet due to velocity head and obtain the mean value for the frictional 
coefficient f frora a successive approximation solution. 


Ans.—W = -592 Ib. per sec. 


(7) Hydrogen flows isothermally through an unlagged pipe, 2 in. diameter 
and 60 ft. long. The pressure and temperature at the inlet end of the pipe 
are 35 lb. per sq. in. and 60° F. respectively; the pressure at the outlet end 
is 15 Ib. per sq. in. Calculate the flow in lb. per sec., and the velocity of flow 
at the outlet end of the pipe. Assume the frictional coefficient f to be -003 
throughout the whole length of the pipe. For hydrogen, R = 765 ft. Ib. 
Fahrenheit units. 

Ans.—W = :136 lb. per sec.; v, = 2,065 ft. per sec. 


(8) Calculate the flow of compressed air through a lin. diameter pipe, 
40 ft. long, if the pressure and temperature inside the pipe at inlet are 80 Ib. 
per sq. in. and 60° F., and the pressure inside the pipe at outlet is 60 lb. per 
sq. in. The flow is isothermal throughout and the mean value of Darcy’s f 
is to be obtained by a method of successive approximations. R = 53:3 ft. Ib. 
Fahrenheit units for air. 

Ans.—W = 1-61 lb. per sec. 


(9) Two large compressed air chambers are 120 ft. apart and are connected 
by a straight 3in. diameter pipe. The high pressure chamber contains air 
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maintained at a constant pressure of 40 lb. per sq. in. at 65° F.; the low- 
pressure chamber is under a constant pressure of 25 lb. per sq. in. Assuming 
an isothermal flow, calculate the rate of flow through the pipe, assuming a 
constant value for f of -003 throughout. Allow for the pressure drop at the 
pipe entrance due to the velocity head, up to the second approximation. 


R = 53:3 ft. lb. Fahrenheit units. 
Ans.—W = 2-76 lb. per sec. 


(10) Find, using the chart for air flow, the required diameter of a lagged 
pipe, 2,000 ft. long, to deliver the maximum possible weight of air per second. 
The pressure and temperature at the inlet end are 100 Ib. per sq. in. and 120° 
F., and the pressure at the outlet end is 20 lb. per sq. in. The flow may be 
assumed adiabatic and Darcy’s f = -0025 throughout. What is the weight 


of air delivered ? 
Ans.—d = 7-2in.; W = 34-25 Ib. per sec. 


. 


CHAPTER XIX 
NON-DIMENSIONAL FACTORS 


219. Non-dimensional Factors. In Art. 139 a non-dimen- 
sional factor, known as the Reynolds number, was defined. 
This factor has an important influence on all problems dealing 
with the viscous resistance of a fiuid. In Art. 145 the existence 
of this non-dimensional factor was also proved by applying 
Lord Rayleigh’s principle of dimensional similarity to the 
problem of viscous resistance of a fluid. The Reynolds number 


was proved to have the value ed . By substituting the three 
v 


fundamental units of mass, length, and time in this equation 
it is found to be non-dimensional; that is, it is merely a ratio. 
Consequently, the Reynolds number is known as a non- 
dimensional factor. It was also shown in Art. 145 that the 
wave resistance to a body in a fluid also depends on a non- 
dimensional factor known as the Froude number. 

On applying the principle of dimensional similarity to other 
problems in fluid mechanics, such as orifices, weirs, pressure 
waves, etc., it is found that they are governed by other non- 
dimensional factors. The experimental coefficients used in 
these problems are not true constants for all conditions of flow ; 
their value will depend on the non-dimensional factor of the 
particular problem considered. 

The non-dimensional factors for some of the fluid phe- 
nomena already dealt with will now be obtained by the applica- 
tion of the principle of dimensional similarity. In addition to 
the fundamental units of quantities given in Art. 145, the 
following values are required— 


g=— LT 
Volume per sec. = Q = LET- 
surface tension = f= MT- 
bulk modulus en Cp Dea thio 


220. Non-dimensional Factor for Viscous Resistance. This 
case was dealt with in Art. 145. The non-dimensional factor 
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obtained is known as the Reynolds number and was found 
to be 
pud vd 
u v 
221. Non-dimensional Factor for Surface Wave Resistance. 
This case was dealt with in Art. 145. The non-dimensional 
factor obtained is the square of the Froude number (Art. 145) 
and was found to be 
y2 
Lg 
This factor governs the resistance of surface ships to wave 


formation and has an influence on wave formation in channel 
flow (Art. 89). 


0:15 


0 01 0-2 03 0:4 05 0-6 
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When dealing with the wave resistance of surface ships, the 
resistance can be expressed in the same form as the drag 
formula used for the resistance of aircraft (Art. 158). 

Let D, = drag or resistance of ship due to wave formation 

Cp = drag coefficient due to wave resistance only 
A = immersed cross-sectional area amidships. 
hen Das ste 


The drag coefficient O, is a function of the Froude number. 
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In Fig. 266 curves have been plotted from experimental 
results showing the variation of C, with the Froude number.* 
The two curves are for a cargo ship and for a high-speed ship 
respectively ; the curves do not coincide, because the two ships 
are not geometrically similar. 

222. Non-dimensional Factor for Compression Wave Resist- 
ance. Compression waves are formed by the relative move- 
ment of a body completely submerged in a fluid; they also 
occur in the transmission of sound and will depend on the 
bulk elastic modulus K (Art. 182). Let R be the resistance to 
the body caused by the formation of the pressure wave. 
Assume, 


R= kpb Ke . . . (1) 


where k is an experimental coefficient, L the linear dimension, 
v the relative velocity between the body and fluid, and a, b, c, d 
are unknown indices of which the values are to be found. 
Substituting the fundamental dimensions in this equation, 


ALSO T ONT BT Uae) DA OA Maes 1A) Ed Bree 9 Us 
then, 
i Pee 1-82) (E Lele) CMe) 2) 
Equating the indices of M, 
l=a-+d 
from which a=1-d 
Equating the indices of 7’, 
-2=-c-2d 
from which c= 2- 2d 
Equating the indices of L, 
1=-38a+6+c-d 
Substituting for the values of a and c, 
1 = -3 + 3d + b + (2-2d)-d 
hence, D = 74 
* From “Experimental Fluid Dynamics Applied to Engineering Prac- 


tice,” by G. A. Hankins, Engineering, Vol. 157, 25th February and 3rd 
March, 1944. 
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Substituting these values of a, b, and c in Equation (1), 


K d 
R= koroe ( Æ) 


K ; 
= rore 3) A . . . (2) 
where ¢ means “a function of.” 


K Bn, ty 
Hence, the constant k is a function of ( =a} which is the 


non-dimensional factor governing this type of resistance. 
It was shown in Art. 182 that the velocity of sound in a fluid 
was given by the equation 


ue 
0. ==) 4) — 
p 


where v, is the velocity of sound in the fluid under considera- 
tion. Substituting this value in the non-dimensional factor, 
then, 


Vv 2 
k is a function of (=) 
v 


or it may be written as a function of E 
The non-dimensional factor in this form is known as the 
Mach number, and is used as a criterion when dealing with 
bodies having velocities in the vicinity of the velocity of 
sound (Art. 198). 

It is evident from Equation (2) that the experimental 
coefficient ķ is not a true constant for all fluids, but varies with 
the elastic constant, the density, and the velocity. For any 
given fluid, k will vary with the velocity. 

223. Non-dimensional Factor for Weirs. The experimental 
coefficients used in problems on rectangular and triangular 
weirs or notches (Arts. 52-56) are not true constants for all 
heads, but can be shown to vary with such quantities as u, p, 
H, g and the surface tension f. It will be assumed that the. 
weirs or notches considered are geometrically similar. Then, 
for a rectangular weir or notch, the breadth B is propor- 


tional to H. For a triangular notch, the angle @ is constant 
(Art. 53). 
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Assume the equation for the discharge is in the form, 
O= k Hogh u pfe i. . . - (1) 
Substituting the fundamental dimensions in this equation, 
LPT = kLe(LeT-)( MeL T~°)( ML- (MeT) 
Equating the indices of M, 
i O=c+d+e 
from which d=-c-e 
Equating the indices of 7’, 
-1 = — 2b - c — 2e 
from which b = 4- 4c -e 
Equating the indices of L, 
3 =a + b-c-3d 
Substituting for b and d, 
3 = a + (4 -4c -e)-c + (3c + 3e) 
from which a@ = 24 — lłc — 2e 


Substituting these values of a, b, and d in Equation (1), 


Qo Hi gt x ales) ee) 


m) 
Hence, kis a function of ( ll Hyp 


Thus, the coefficient of discharge of a rectangular or triangular 
notch, or weir, will vary with the head, the viscosity, the 
density and the surface tension. It is not, therefore, a constant 
as was assumed in Arts. 52-56. The actual variation of O4 is 
small, and it is of sufficient accuracy for practical purposes 
to assume C, to be a constant within reasonable limits of head. 

As the breadth B has been assumed to be proportional to 
H in a rectangular weir, Equation (2) when applied to a rect- 
angular weir becomes 


Oe hae dt aig ee 
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For true dynamical similarity to hold for geometrically similar 
weirs it follows that 


u 


H*g? p 


is a constant for both weirs, and 


= is a constant for both weirs 
H?gp 

Jt will be noticed that these two conditions cannot ocour 

simultaneously. The first of these is the Reynolds number, as 

v oc V 29H. , 

From the results of the two weir experiments shown in 
Figs. 59 and 61 it will be seen from the deviation of the points 
from the straight line that C4 is not actually a constant, but 
is varying slightly with the head. This confirms the above 
analytical results. 


EXAMPLE. 


Calculate the values of the two non-dimensional constants of a rectangular 
weir, given in Equation (2). The water flowing over the weir has a head of 
4ft., a kinematic viscosity of 8-42 x 10-° f.p.s. units, and a surface tension of 
5:04 x 10-*lb. per ft. 


From Equation (2), the two non-dimensional constants are 


u y 
(a) Hige U 
and (b) és 


Hence, the value of (a) is 
Higt 842 x 10-8 


v (4)? X /32-2 
== 1:36 X 10 
The value of (b) is 
f o 504x 10 
H?9p 62-4 
16 X 32-2 x 39.9 
= DOD OR 


224. Non-dimensional Factor for Small Orifice. It was 
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shown in Art. 37 that the discharge through a small orifice 
under a constant head H (Fig. 267) is given by the equation 


Q = C,AV 2gH 


where A is the area of the orifice in 
sq. ft. and C, is the coefficient of 
discharge. This equation may be 
written 
Q=kD*VgH . ed (1) 

where k is a constant and D the 
diameter of the orifice. 

If the principle of dimensional P 
similarity be applied to this problem 
it is found that k is not a true con- 
stant, but varies with such factors 
as the head, viscosity, density, gravity and surface tension. 


Fia. 267 


Let p = mean pressure at orifice 
then, p = wH 
= pgH 


Applying the principle of dimensional similarity to this 
problem, and ignoring the effect of surface tension, as small, 


Q = kp*D°g’pt yu? 
Then, inserting the fundamental dimensions, 
SGA PE ae 7 207-8) A O E EEN (Mois) Mel 27 ae) 
Equating the indices of M, 


0O=at+d+e 
hence, a=-d-e 
Equating the indices of T, 
-l = — 2a - 2c — e 
= (+ 2d + 2e) -2c -e 
from which d=—-i-lete 
hence, —1-le-c 


Equating the indices of L, 
3=-a+b+c-3d-e 
=(-$+ dete) +b +e+ G+ fe-3e)-c 
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from which b = 2+ c-e 
Hence, substituting for a, b, and c in the fundamental equation, 
and separating all terms containing e and c, 


6 Dpg c 
S p2 a(z) ( ) 
Q p P Dptpł p 


Substituting p = pgH, 


H e / Dp \° 
Ne bf > ( saan) (ae) 
-evon D Se) (a) 
= ky/g DpVigh) \H 
: : f u D 
Hence, the coefficient C4 is a function of ( Dov igH \( z) 
The second term shows that for true geometrical similarity 


D œ H; then, if the head and orifice diameter are varied to 
suit this condition, the value of C4 should be a function of 


Dva) 
E 2gH 
Substituting for v = V2gH, this constant may be written 
pe 
u 

It will be noticed that this form of the non-dimensional con- 
stant is the same form as the Reynolds number. 

Fig. 268 shows the results of experimental measurements 
of C4 for a certain orifice. In this figure C, is plotted against 


pDe 


log It will be noticed that a smooth curve was not 


obtained. In these experiments D was not proportional to H; 
hence true geometrical similarity was not attained. If the 
experiments had been conducted such that the diameter of 


DA 
the orifice was varied with the head, = being a constant, a 


more uniform result would have been obtained. 

The curve of Fig. 268 is probably also affected slightly by 
other factors, such as surface tension. 

This application of the principle of similarity to an orifice 
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shows that the coefficient of discharge is not a constant, but 
varies with the head, the density, the viscosity, and conse- 
quently with the temperature. 


A ADISSS 
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Ww 


N 


(log scale) 


Cp 


5 
my 


SSeS SNS ES 6 o 
pei AST SSS Assi eye es Ws Soy EES We Es 
Log Re 
Fie. 269 


In Fig. 269 the author has plotted, on a base representing 
R, the results of Hamilton-Smith’s experiments on round 
orifices. It will be noticed that the points lie on a smooth 
curve and that the value of C; falls as R, increases, becoming 
stabilized at a value of -597. This curve corresponds to the 
portion of curve of Fig. 268 situated to the right of R, = 4. 
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EXAMPLE 1. 
One of the non-dimensional constants for the discharge through a small 


orifice was found to be D Calculate the value of this constant for 
D pV 29H 

water, having a coefficient of viscosity of -01 C.G.S. units, discharging through 

a lin. diameter orifice under a head of 2-0 ft. 


From Art. 138, 


-01 x 30-5 f 
== 453-6 X 32-2 fits lb. sec. units 
62-4 
and D = 39.9 


3 
M ‘01 x 30:5 x 32-2 
p 453:6 X 32:2 ` 62-4 
= 10:79 x 10—° ft. units 
Then, the value of the non-dimensional constant is 


hence, y= 


vy __ 10-79 x 10-8 
DVH  1's\/64-4 x 2 
== 1]-42-~ 10-* 
EXAMPLE 2. 


Using the curve of Fig. 268 find the value of C, for a circular orifice of 1 in. 
diameter through which water is discharging under a head of 2 ft. The vis- 
cosity of the water is 3-18 x 10-® f.p.s. units. 

The non-dimensional constant for an orifice was found to be 
of the form 


pDe 
u 
w 
where Baap at 
aE 
Now, v = V2gH 
= V64:4 x 2 


11-33 ft. per sec. 
pDv 62:4 x ay X 11-33 


32-2 x 3-18 x 10-5 
= 5:74 x 104 


Then, 


D 
hence, log a = 4-759 
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Then, from the curve of Fig. 268, 
O7 = -62 
225. Non-dimensional Factor for Orifice in Pipe. Consider 


a pipe of diameter D containing an orifice of diameter d fitted 
in a diaphragm as shown in Fig. 270. 


pL LLL” 


Fie. 270 


Let p = difference of pressure between the two sides of the 
orifice, due to loss of head. 


This problem produces non-dimensional factors which can be 
found by applying the principle of dimensional similarity. 
Assume 
Oe pra Dip nt ; : : : : (1) 
Then, substituting the fundamental dimensions in this equation, 
BT = k(M¢*L-+T-*2) [> Le(M¢L-4)(MeL-T-*) 
Equating the indices of M, 


=at+d+e 
hence, d=-a-e . ‘ ‘ ; : (2) 
Equating the indices of T, 
EA e 
hence, = 4- łe 
Substituting this value of a in Equation (2), 
d =-4}-#e 


Equating the indices of L, 
3=—-a+b4+c-—3d-e 

Substituting for a and d, 
3=(-$+ e) +b HeH- e 


from which b =2-e-c 
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Substituting these values of a, b, and d in Equation (1), 
EVA IS EA 
ae 
Hence, the constant kis a function of (za) which corre- 
4 dp*p D 
sponds to the Reynolds number, and is also a function of ( Fi ): 


For true dynamical similarity both of these conditions must 


hold. 
Pp 
= kd? if £ 
¢ P 


From Equation (3), 

226. Non-dimensional Factor for Resistance of Oiled Bearings. 
The viscous resistance of an oiled bearing depends on the 
linear dimensions of the bearing, the coefficient of viscosity of 
the oil, the speed of rotation, and on the pressure on the bear- 
ing. This resistance causes the frictional torque or moment on 
the bearing. A non-dimensional constant for oiled bearings 
having true dimensional similarity can be obtained by equating 
the fundamental dimensions. 


Let R = frictional resisting torque on bearing 
N = speed of shaft in r.p.m. 
D = linear dimension of bearing 
p = pressure per unit area on bearing 
Then, R œ uNDp 
Let R= ku Ne Dp : ‘ : (1) 
Inserting the fundamental dimensions, M, L, and T, 
MEEI = k( M*L-°T-2)(T-)(Le)( M47 247-4) 
From M, 


l=a +d, 
hence, a =ne 
From L, 
2=-a+t+c-d 
=-(1-d)+c-d 


hence, C= 3 
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From T, 
-2 = -a —b — 2d 
= A 2d 
hence, b=1-d 
Substituting these values of a, b, and c in Equation (1), 
R = kp}-4N1-4D3pa 


d 
hence, R = ku ND? (5) 
or k = pN D*¢ (5) 


Let suffix 1 and suffix 2 apply to two geometrically similar 
bearings under comparison. Then 


Pı 
vDo ( ) 
De 7 : A 
ND ( ) 
Hata od lN, 


For true dynamical similarity the non-dimensional constants 


Pı P2 : r 
and must cancel, as explained in Art. 145. 
mN: [Ne Ẹ 
Pı Pe 
Then -= = 
: HN, UN: 

from which N =N; a 

Pilko 


This is the corresponding speed for true dynamical similarity ; 
if this value of N, is used, the non-dimensional constant in 
Equation (2) will cancel. 

Substituting this corresponding speed in Equation (2), 


ky, et mN D,’ 
Ryo ( N Pot ) 
Feit | p.3 
i Pı 7: 
Ly pb? 
PD? 
Hence, R œ pD? 


That is, for similar bearings under the same pressure, the 
resistance moment is proportional to the cube of the linear 
dimensions, 
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It will be seen from this that the non-dimensional factor for 
geometrical similar oiled bearings is 


uX 
2 


and the frictional coefficient for the oiled bearing will be a 


function of this parameter. 

Fig. 271 shows the variation of the coefficient of friction 
with the non-dimensional factor, taken from tests*; two 
curves are shown, one for bearings having an L/D ratio less 


CARRE 
BETTS 
uN 


than unity, the other for bearings having high values of L/D. 
It will be noticed that in each case the value of the frictional 
coefficient is a function of the non-dimensional factor.f 

227. Resistance of Sphere Moving in Fluid. The motion 
of a sphere moving through a fluid depends on the density and 
viscosity of the fluid and on the radius and velocity of the 
sphere. Hence, the resistance to motion R will be an equation 
of the form 


o Coefficient of Friction 


R œ p*u’rvð : : EGD 
where r is the radius of the sphere and v its linear velocity. 


* From “Experiment Fluid Dynamics Applied to Engineering Practice,” 
by G. A. Hankins, Engineering, Vol. 157. 
; t For further information, see “The Film Lubrication of the Journal Bear- 
ing,” by R. O. Boswall and J. C. Brierley, Proc. Inst. Mech. Engs., Vol. 122 
(1932), page 423. 
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Substituting the fundamental dimensions in the above equation, 
MLT~* = (ML-*)+ (MELT) Le (LT-1)4 
Equating the indices of M, 


lI =a 4b 
from which a= l-b : : : - (2) 
Equating the indices of 7, 
-2=-b-d 
from which a= 2-d : ; ; ; EES) 
Substituting this value of b in Equation (2), 
a= 1, — 2 4 id 
Sekt di $ ; < E 


Equating the indices of L, 
l1 =- 3a-b+c+d 
Substituting the values of b and a from Equations (3) and (4), 
L= a a g 
hence, Co 3 : : : sates) 
Substituting in Equation (1) the values of a, b, and c from 
Equations (3), (4), and (5), 
R x pHi y2-4 raya 


2 r d 
then, R ac (=) : ; ; 4236) 
or, Rap. E 
Pp 


where k is a function of A which is the Reynolds number. 


If the velocity of the sphere is very small, the motion is of 
a laminar type of flow, in which case R œv (Art. 140, 
Equation (8)). Applying this condition to Equation (1), it 
follows that the suffix d is unity. Substituting this value of 
d in Equation (6), 


2 
Io = = X Fi where k is a constant 
from which Teo UU a : : ‘ ead 


An equation of the same form as Equation (7) was deduced 
by Stokes for the resistance of a sphere moving in a fluid 


19—(T.5167) 
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with a uniform velocity. He calculated the value of k to be 
67. Substituting this value in Equation (7), 


== O ; 5 : ¢a1(8) 


Equation (8) is known as Stokes’ law. This law is used in the 
grading of fine powders, the particles of which are too small 
to be measured by direct means. The powder is mixed in 
suspension in a suitable liquid and the time taken for the 
powder to settle is measured. If the powder is assumed to 
consist of spherical-shaped particles it should approximately 
obey Stokes’ law in settling to the bottom of the container. 
The time taken by the powder in settling is thus a function of 
the diameter of its particles; this provides a method of grading. 
It will be noticed that the finer powders take a longer period 
in being completely deposited. 

Stokes’ law is also used to calculate the amount of silting 
which may occur in problems dealing with channel flow and 
weirs. The silting is due to the depositing of fine particles of 
sand or earth which is in suspension in the flowing water. 
Whilst the water has a high velocity, these particles remain 
in suspension, but when the velocity becomes small or station- 
ary the particles are deposited on the stream bed at a rate 
given by Stokes’ law. This is noticeable at the inside edge of 
river bends, in backwaters, and on the stagnant side of dams 
and weirs. 

228. Non-dimensional Factor for Propellers. The principle 
of dimensional similarity can be applied to screw propellers, 
which are geometrically similar, by considering the thrust of 
the propeller T, the diameter of the propeller d, the speed of 
advance v, and its speed of rotation n. Let p and u apply to 
the fluid in which the propeller is immersed. Assume T is 
proportional to p, d, v, n, and u; then 


T œ p%d’urn? ut : $ saad) 
Inserting the fundamental dimensions for these factors, 
MET = (MERAC (LTT le Mai 
them JOLT? ML eT ee a 
Equating the indices of M, 
l=a-+f 
hence, a=1l-f é ; : : TE (2) 


| 
} 
| 
| 
| 
| 
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Equating the indices of T, 
-2=-c-e-f 

c=2-e-f . s 3 : < (3) 
Equating the indices of L, 

l =- 3a +b+c-f 
tuting the values of a and c from Equations (2) and (3), 

læg A aO a Aa 
from which b=2-fte s : : ysu(4) 
Substituting in Equation (1) the values of a, b, and c from 
Equations (2), (3), and (4), 

IU EE p NR RE 199? 167 


E OEN N 
hence, = pd*v ( =) (2) 


or, T = kdv? 
where k is a function of (5) and (=) 
pdv v 


Hence, for true dynamical similarity, both of these conditions 
should be satisfied. The first of these conditions is the Rey- 
nolds number. 

If a geometrically similar model of a propeller is tested in 
a fluid in order to predict the performance of the propeller, 
it will be impossible to satisfy both of these conditions in the 
same test. The method adopted is to neglect the Reynolds 
number, which is found to be relatively small, and to use the 


s dn Ae NA > 
second non-dimensional factor > 3s the criterion for dynamical 


similarity. This means that the model is tested at such a speed 
that 


d 
Z for model = = for large propeller 


The efficiency of the propeller can be obtained by comparing 
the work done per sec. by the thrust T' to the work done per 
sec. by the torque on shaft. Or, 

Lae 


efficiency of propeller = torque on shaft X w 


where w = angular velocity of propeller shaft in radians per sec. 
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229. Non-dimensional Constants by Group Method. The 
method of application of the principle of dimensional similarity 
demonstrated in Arts. 219-226 can be simplified by dealing 
with the variables in groups of four. This group method 
considerably reduces the labour when a large number of 
variables are being considered. In applying the group method 
the following rules should be observed— 

(1) Choose three variables, preferably those which occur in 
the fundamental equation, and which contain all three funda- 
mental dimensions M, L, and T. 

(2) Form groups containing all the above three plus each of 
the other variables, in turn. 

(3) Give indices a, b, and c to the three variables of (1) only. 

- As an example, apply the method to the orifice of Art. 224 
and Fig. 267. Consider the variables to be Q, p, D, g, p, u, and 
surface tension f. Now, 


0 = ¢(QpDg9puf) 
Let Q, p and D be the three variables chosen to satisfy Rule (1). 
Then, 0 = ¢(Q%p’Dgpuf) 
GrouP l. 0= d(Q%p Dg) . s : i : (1) 
Inserting the fundamental dimensions, 
On) (A887 Se) (eT a (ae) 
Equating the indices of M, 
D=% 
Equating the indices of 7, 
0=-a-2b-2 
hence, a =a? 
Equating the indices of L, 
0 = 3a-2b+c+1 
hence, G= 


Inserting these values in Equation (1) the non-dimensional 
factor for this group becomes 


(BIN oo m cg m ue 


and p. = pol 
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Substituting these values in Equation (2), the non-dimensional 
factor becomes 

D 

H 


GROUP 2. T= AOD ; : (3) 
Inserting the fundamental dimensions, 
O= (7-*)(M°T-2L-°) Le ML-3) 
Equating the indices of M, 
D=] 
hence, b= i 
Equating the indices of T, 


0 = -a -2b 
Substituting for b, M= 2 
hence, C2 


Equating the indices of L, 

0 = 8a-b+c-3 
Substituting fora and b, 0=6+1+c-3 
hence, c=-4 


Inserting these values of a, b, and c in Equation (3), the non- 
dimensional factor for this group becomes 


2 
CRY Panes 0 
but as Q œ D? this factor becomes 
DPR, 
ppD* 
This proves that the coefficient k is independent of the density p. 
GROUP 3. C= (On Den). ‘ ; (5) 


Inserting the fundamental dimensions, 
Die (VIEN I =R Tat) ie ME EIE 
Equating the indices of M, 
0=b+1]1 
hence, b= =] 
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Equating the indices of T, 

0 =-a-2b-1 
Substituting for b, 0=-a+2-1 
from which a=) 
Equating the indices of L, 

0= 3a-b+c-1 
Substituting for a and b, 0 = 3 + 1 +c-1 
hence, CSa 


Inserting these values of a, b, and c in Equation (5), the non- 
dimensional factor for this group becomes 


(po) 


But Q œ D? Hf ; and p = pgH, hence this factor becomes 

D?V pu 

V ppD® 

Bae 

V gH pD 
Group 4. 0 = (Qp? Df) . ; ; (6) 
Inserting the fundamental dimensions, 

O= (1847-5) (PT - 2 Ee) 
Equating the indices of M, 
0=b+1 


hence, b= i 


or 


Equating the indices of T, 
0=-a-2b-2 
Substituting for b, 0=-a+2-2 
hence, = 0 
Equating the indices of L, 
0= 38a-b+c 
Substituting fora and b, 0=0+1+c¢ 
hence, oe] 
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Inserting these values of a, b, and c in Equation (6), the non- 
dimensional factor for this group becomes 


(4 
pD 
Substituting p = pgH, the factor becomes 
(m75) 
pg HD 
But it was proved by Group 1 that D œ H, hence this factor 
may be written 


(am) 
pgH? 
From the results of Group 2, Equation (4) may be written 
Q =k y 5 ys) Oe DO oe i ees 107) 


As Group 2 = ¢(Group 1, Group 3, Group 4) 


then, Jo = l(a )( Tie ag ) 


Hence, Q= n oy|(7) as al 


This proves that the coefficient of discharge of a small orifice 
depends on the three non-dimensional functions contained 
inside the square brackets. It may also depend on other factors 
which have not been included in this solution. 

It will be noticed that this group method of solution gives 
the same results as the method demonstrated in Art. 224 and 
provides a simpler solution. 


EXAMPLES 19 
(1) Discuss the Froude and Reynolds numbers, giving illustrations of their 


significance. 

Give a rule for the formation of dimensionless groups in problems in- 
volving more than four variables. Turbine models are tested under conditions 
giving the same specific speed as the prototype, yet the efficiency of the model 
is usually lower. Explain this, (London Univ.) 
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(2) The quantity of fluid flowing along a pipe is determined from the 
pressure drop P across a diaphragm having a central circular orifice. Show, 
by application of the principles of geometrical and dynamical similarity, 
that the volume flowing per second can be expressed by 


Po 


where p is the density of the fluid, A is the area of the orifice, and C is a 
coefficient which depends upon the pipe and orifice dimensions and the 
Reynolds number. State the units that must be used for the quantities 
concerned in both the English and metric systems. (London Univ.) 


(3) Show that a rational formula for the resistance to the motion of partially 
submerged similar bodies through a liquid in which the formation of surface 
waves is the important factor, viscosity being negligible, is 


R = pl’? . F(gl | v?) 


in which pis the density of the liquid, J the length, and v the speed of the body. 
In model experiments to determine the resistance of a ship, what is meant 
by “‘ corresponding specds”’ ? 
Hence show that in similar speed boats in which the resistance is mainly 
due to wave formation, if S is the ratio of the linear dimensions the resistances 
at corresponding speeds vary as S*. (London Univ.) 


(4) In two geometrically similar shaft bearings, in which the same lubricant 
is used, the speeds of rotation are the same and viscous flow occurs. Make use 
of the method of dimensions and prove that if the loads carried per unit area 
are the same for each, the moments of the frictional resistances are proportional 
to the cubes of the linear dimensions. (London Univ.) 


(5) In geometrically similar shaft bearings in which the motion of the 
lubricant is purely viscous, show that a rational expression for the frictional 
resistances should be of the form 


R = uND? $ (A) 


in which R is the moment of the frictional resistances, u the viscosity of the 
lubricant, N the speed of rotation, D the diameter of the shaft, and p the 
load carried per unit area of bearing surface. Hence, show that in similar 
bearings the frictional resistances at corresponding speeds vary as the product 
pD”. What is the ratio of the corresponding rotational speeds in two given 
similar bearings? (London Univ.) 


Ans — PH 
Pilla 
(6) Show that the flow over a 90 degree vee notch for a fluid of kinematic 


viscosity v will be 
3 gt 
be Hi gg | He ] 


where H is the head and g the acceleration due to gravity. 

A vee notch is employed to measure the flow of a fluid which has a kine- 
matic viscosity 8 times that of water. If the measured head is 10 in., calculate 
the head for water giving dynamical similarity. From experiments on water 
the empirical formula Q = 2-48 H?*7 has been deduced, Q being in cusecs., 
and H in ft, Calculate the flow of fluid. (London Univ.) 


Ans.—2:5in.; 1-64 cusecs. 
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(7) In the rotation of similar discs in a fluid in which the motion of the fluid 
is turbulent, show by the method of dimensions that a rational formula for the 
frictional torque M of a disc of diameter D rotating at a speed of N in a fluid 
of viscosity u and density p is 


— Dane H 
M DINts $. (iar) 


Hence show that in similar dises rotating in the same fluid the frictional torques 
at the corresponding speeds vary as the diameters of the discs. What is the 
ratio of the corresponding speeds? (London Univ.) 
Ans.— Ni = i 
ara 


(8) Assuming that the thrust T of a screw propeller is dependent upon 
the diameter d, speed of advance v, fluid density p, revs. per sec. n, and 
the coefficient of viscosity u, show, using the principle of dimensional 
homogeneity, that A can be represented by 


Shi g o 
A par org | E, 


and hence explain the condition of dynamical similarity usually assumed 
for propellers. 

The characteristics of a propeller of 12 ft. diameter and rotational speed 
100 r.p.m. are examined by means of a geometrically similar model of 18 in. 
diameter. When the model is rotated at 360 r.p.m. by a torque of 16 lb. ft. the 
thrust developed is 52 lb. and the speed of advance is 4:8 knots. Determine 
the torque, thrust, speed of advance and efficiency of the full-scale propeller. 
(1 knot = 6,080 ft. per hr.) (London Univ.) 


Ans.—Torque = 40,600 Ib. ft.; T = 16,500 lb.; v = 10-68 knots; 
eff. = 70 per cent. 


d 
a 


(9) A model of an air duct is built to ṣẹ scale and tested with water which 
is 50 times more viscous and 800 times more dense than air. When tested 
under dynamically similar conditions, the pressure drop is 33 lb. per sq. in. 
in the model. Find the corresponding full-scale pressure drop, and express 
it in inches of water. (I. Mech. E.) 

Ans,.—:326 in. of water. 


(10) If the resistance to the motion of a sphere through a fluid is a function 
of the density p and the viscosity u of the fluid, and the radius r and the 
2 
velocity v cf the sphere, show that the resistance R = (£) > d (vrp/u). 
Hence, show that if at very low velocities R œ v, R = kurv, when k is a 
dimensionless constant. (London Univ.) 
(11) A model to one-tenth scale of a broad-crested weir gave these values— 


Head, ft. ‘ 3 "l 3 ‘7 
Flow, cu. ft. per sec. 23 1-22 5-7 


Find the corresponding full-scale values. Discuss the likelihood of dis- 
erepancies between such a model and the full-scale weir. (I. Mech. E.) 


Ans.—72°8; 386; 1,805 cu. ft. per sec. 


(12) What are the requirements of dynamical similarity and how may they 
be fulfilled when testing a model of a hydraulic structure? (I. Mech. E.) 
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(13) What are meant by “corresponding speeds” in connection with a 
model and its original? What would be the ratio of the corresponding 
speeds: (a) for a weir and its model, (b) for a closed pipe line and its model? 
(I. Mech. E.) 


(14) For the rotational speeds of similar wheels in a fluid, the power dissi- 
pated in windage is dependent upon the diameter D and the speed N revs. /sec. 
of the wheel, the density p and the viscosity u of the fluid. Hence, making 
use of the principle of dimensional homogeneity, show that the power P can 
be expressed 

P = D°N*p: ¢ (u/D?N p) 


In similar impulse steam turbines it may be assumed that ¢ (u/D?Np) = 
A (u|D?Np), in which A is a dimensionless constant; hence, obtain a formula 
for P in terms of the diameter in feet, and the rotational speed in revs./sec. 
of the wheel, the density and viscosity of the steam in lb. ft. sec. (abs.) units, 
given that the resisting torque is 8-75 lb. ft. for a wheel 34 in. diameter rotating 
at 50 revs./sec. in steam of density -04 and viscosity 8 x 10-° lb. ft. sec. (abs.) 
units. (London Univ.) 

Ans.—P = 10:96D*N?u. 


(15) Obtain from first principles an expression for the power P, developed 
by a hydraulic turbine, in the form 
IP Ne D5 wees 


where p is the mass density of the fluid, g the acceleration due to gravity, 
N the rotational speed, D the diameter of the rotor, and ¢ denotes an arbitrary 
function. 

Hence, or otherwise, deduce the expression for the “specific speed” in 
terms of N, H, and P. 

Explain briefly the application of specific speed to preliminary design of a 
turbine. (London Univ.) 


(16) By using the principle of dimensional similarity, obtain an expression 
for the compression wave resistance of a streamline body moving in a gaseous 
fluid and show that it is a function of the Mach number. (London Univ.) 


(17) A jet-propelled aeroplane has a speed of 600 miles per hour and a pro- 
pulsion efficiency of 60 per cent. If the total resistance of the plane at this 
speed is 2,500 lb., calculate (i) the weight of gases discharged per sec.; (ii) 
the necessary diameter of the jet orifice at outlet in feet, if the pressure and 
temperature at discharge are 10 lb. per sq. in. and 600° F. respectively; 
(iii) the Mach number of the plane’s flight if the pressure and temperature 
of the atmosphere at the altitude of the flight are 10 lb. per sq. in. and 40° F. 
The sonic velocity is 


i a where y = 1-4 and pV = 53T. (London Univ.) 
Ans.—(i) 68-6 lb. per sec.; (ii) 1-29 ft.; (iii) -808. 


CHAPTER XX 
FURTHER PROBLEMS IN FLUID MECHANICS 


230. Surface Tension. When two liquids of different density, 
or when a liquid and a gas, are in contact, the surface of con- 
tact forms a curve called the meniscus. The formation of the 
curved surface is due to the attraction of the molecules and 
it is found that there is a slight pressure difference between the 
fluids on either side of the surface. The surface appears to act 
as an elastic skin which is in tension in both directions; this 
tension is called the surface tension. 

This phenomenon may be observed in the curved surface of a 
liquid in a tube, in a bubble of a light liquid immersed in a 


Elevation 


Fie. 272 


heavier liquid, or a bubble of gas immersed in a liquid. It is 
familiar in the bubble of a spirit level and in the soap film of a 
soap bubble. 

Let the curves of Fig. 272 represent the front elevation and 
end view of a small rectangular portion of a meniscus. 


Let p = excess of inside pressure over outside pres- 
sure, lb. per sq. in. 
R, and R, = radius, in inches, of surface in front and end 
view respectively. 
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d0, and d0, = angle in radians subtended by surface in 
front and end view respectively 


f = surface tension in lb. per inch length in both 
perpendicular directions. 


Then, length of arc in front view = F,d6, 
length of arc in end view = kdb; 


Now, as the small rectangular surface considered is in equili- 
brium, the upward pressure due to p must equal the downward 
pull of the tension f. Hence, resolving vertically 


upward force due to p = Sr Wak force due to f 


= 
or p X (R,d0, X R,dO,.) = 2fR, do hy pa APT Gee 
as gin S = = for small angles. 
ae f(E: + R) 
Then p= Pav a 
l l 
If the surface is spherical of radius R, 
RS RS R 
then, 
2 
p= a : : : ; : (2) 
If the surface is ASE R, is infinite, 
Then, = i ; : : ‘ , : (3) 


Ry 


In a large vessel the surface of the liquid is curved near the 
perimeter only; in this case R, of Equation (1) is the radius 
of the vessel. 

It will be seen from these equations that the value of the 
surface tension depends on the radius of the meniscus, and is 
found to vary with the nature of the fluids in contact and with 
the temperature. For a water surface in contact with .the 
atmosphere the surface tension has a value of about -00042 Ib. 
per inch at a temperature of 60° F. 
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231. Capillarity. If a tube of small bore be inserted in a 
liquid, the liquid is observed to rise, or fall, by a head h, as is 
shown in Fig. 273. This, in the case of (a), is caused by the fall 
in pressure p on the underside of the meniscus, due to the 
surface tension f. At the point A the pressure is less than 
atmospheric as the meniscus is sagging; this causes an elevation 
of the liquid in the tube. In the case of mercury [Fig. 273 (b) ] 


(a) 


Fie. 273 


the meniscus is reversed in curvature, thus causing a capillary 
depression in the tube. 

For a circular-sectioned tube of diameter d inches, the 
weight of column of liquid elevated [Fig. 273 (a) ] is supported 
by the surface tension f acting around the perimeter of the tube. 
Then, resolving vertically, 


weight of liquid raised = vertical component of f acting on 
perimeter 
or w( Fath) = frd cos 6 
where 0 is the angle of the meniscus at the perimeter. 
4f cos 0 
Hence, h= i $ i ; (1) 


wd 
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For two parallel plates at distance d apart, resolving vertically 
and considering unit length, 


whd = 2f cos 0 
2f cos 0 
hence, h= eam ‘ : ; (2) 


This capillary elevation or depression will affect the readings 
of gauges of small bore, such as piezometer tubes, unless the 
diameter is of sufficient size to make the value of h negligible. 
If the diameter is extremely small a correction must be made 
by the application of Equation (1). 

If the liquid wets the walls of the tube, as in the case of water, 
the value of 0 is zero, and Equation (1) becomes 


et Pe ae 


This equation provides the best method of obtaining the value 
of the surface tension f experimentally. By measuring the 
height A of the liquid in a capillary tube of diameter d and 
having wet walls, the value of f can be calculated. 


EXAMPLE. 


Find the height through which water is elevated by capillarity in a glass 
tube of in. bore if the surface tension at the existing temperature is 
-343 x 10- 1b. per inch. 


Using Equation (3), 


_ £84 XI Se 
= 62:4 X -25 ye 


=O AAT: 


232. Energy Variation Across Streamlines. Let AB and 
CD be two adjacent streamlines in a vertical plane (Fig. 274) 
in a liquid having motion in two perpendicular planes. Con- 
sider a short length of the streamlines subtending an angle 
d0 at the centre of curvature of AB, and let the radius of this 
short length of AB be constant and equal to r. 
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Let p = pressure on streamline AB 
p + dp = pressure on streamline CD 
dr = distance between AB and CD 
v = velocity of AB 
v + dv = velocity of CD 
Z = height above datum 
Let a be the inclination to the vertical of section of streamlines 


Fie. 274 


considered, and dZ be the vertical height of CD above AB. 
Then, from Fig. 274, 
dZ 


conia =i eens hs aa : F (1) 
also i= 
Consider the section of liquid between the streamlines, shown 
shaded, and consider it to have unit thickness. Then, 
weight of section considered = wr d0 dr 
(wrd6 dr) v? 


and centrifugal force on section = 7 
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In Fig. 275 is shown an enlarged view of this section of liquid, 
the dimensions and forces acting being inserted in the figure. 
These forces, plus the centrifugal force and its weight, must 
balance, as the element is in equilibrium. 


(p+dp)(r+dr) de 


It Ce 2S 


d0 do 
Hence, resolving radially and writing > for sin —, 


prdé + 2(p + = dr 2 - (p + dp)(r + dr)d0 — (wrdé dr)cos a 
(wrd0dr) v? P 


gr 
Substituting for cos a from Equation (1) and ignoring small 
quantities of the second order, 


wdrv? 
dp = - wdZ + a 
From which 
dp v*dr 
ie dZ + oF à : ; (2) 


Now, applying Bernoulli’s equation to any streamline, 
27, a 
HE=Z+ F T 3g 


where £ is the total energy of the streamline considered. 
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Differentiating each term for small changes dZ, dp and dv over 
the width dr, 


an = dz 4 SP 4 


ooh. d 
Substituting for 2 from Equation (2), 


2 
dB = az +( -az + E) 4 
gr g 
2 
hence, “ies CLE RD 
gr g 
x ee 2) 
dr g ar + (2) 


This equation represents the change of energy across any 
streamline flow in two perpendicular directions. It will be 
noticed that the Z term does 

not appear in the final equation ; $ v+ du 
Equation (3) will, therefore, ey aw wary 
apply to streamlines moving in 

any plane. 3 oaa in 

233. Energy Variation Across oe 
Horizontal Streamlines. If the , 


streamlines of a moving fluid SEs 

are in the horizontal plane x a 
only, the effect of the weight | 
of the fluid need not be taken Fic. 276 


into account, in which case 
Equation (3) of Art. 232 can be obtained in a simplified 
manner. 

Consider a short length a of the two adjacent streamlines 
of Fig. 276, having unit depth. Let the fluid at this section be 
moving in the horizontal plane only with a velocity v at a 
radius of r. Assume the two streamlines are at a distance of 
dr apart and over this distance let the velocity v increase by 
dv and let the pressure p increase by dp; this increase of 
pressure is due to the centrifugal force on the element con- 
sidered. Then, 


weight of clement considered = wadr 


As difference of radial force on 


element = centrifugal force 
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(wadr) v? 
then, dp X a = = 
d vdr 
from which ELN : + ah) 
w gr 
Cad eee 
Total energy of flur US ale 2g 


Differentiating for small changes of energy, pressure and 
velocity across the thickness of the element dr, 


2 
eae 
gr g 
i di wo adv 
from which TEF At + z) : s : ; (2) 


which is the same equation as Equation (3) (Art. 232). It will 
be noticed that this proof is much simpler than the more 
general proof given in Art. 232, but is based on a horizontally 
moving fluid only. 

234. Two-dimensional Flow of a Liquid. The motion of a 
liquid in a two-dimensional plane may be in the form of a 
free cylindrical vortex, a free spiral vortex, a forced vortex, a - 
radial flow, or a straight line motion. The last type is a simple 
_ direct flow and need not be dealt with further; the other four 
types will be treated separately. 

(a) A FREE CYLINDRICAL Vortex. In this type of flow the 
streamlines are moving freely in horizontal concentric circles 
and there is no variation of the total energy E across the 
streamlines. Then, 

dH = 0 


Hence, applying this to Equation (3), Art. 232, 


then, <) 
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Integrating, logw + log,r = constant 


then, vr = constant 
or v= G 
; ioe, ’ s r: : (1) 


where C is the value of the constant for the liquid considered 
and is known as the strength of the vortex. 

Applying Bernoulli's equation to any two concentric hori- 
zontal streamlines of radius r, and r,, and letting p) and p, be 
the pressures at the two streamlines considered, 


Bs Pega tty LAR. 
w 2g w 2g 


2 
Pı- P2 V2 w 


then, T ag 


But, from Equation (1), 


C 
Vg = T, 
and v = a 
ry 
Pica Ps e Cs pl Peek 
Hence, a Oy ie re ; 3 3 (2) 


If the fluid is a gas, on account of its compressibility, 
Equation (2) should be written, 


This equation gives the difference of pressure head between 
the two streamlines considered. It will be noticed that if a 
curve representing the pressure variation is plotted on a base 
representing the radius of the vortex, a parabola is obtained 
having a maximum value at the outer circumference. If the 
upper surface of the liquid be free it will assume this parabolic 
shape. 

As the pressure near the outer edge of a free cylindrical 
vortex is greater than that near the centre, the fluid is caused 
to flow radially inwards towards its central core, through 
which it drains away by passing along the core of the cylinder 
longitudinally, thus causing a suction at the opposite end of 
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the core. The combination of the circumferential flow and of 
this inward radial flow results in a spiral motion and converts 
the free cylindrical vortex into a free spiral vortex [Case (@)]. 

It will be seen from this that a free cylindrical vortex cannot 
be maintained in nature, as it tends to develop into a free spiral 
vortex. This latter type of vortex occurs in such phenomena 
as a tornado, a waterspout, and in the emptying of a vessel of 
liquid by means of a drain at the base. 

(b) A Forcep Vortex. A forced vortex is the name given 
to a circular stream of liquid the whirl of which is caused by 
power from an externa] source. An example of a forced vortex 
is the stream of water in the casing of a centrifugal pump. 

In a forced vortex the liquid has a constant angular velocity ; 
let w be the angular velocity of the liquid, then 


v dv 
w = -= 7- = constant 
r dri 
From Equation (3), Art. 232, 
dE v/dv,v 
Substituting the above value of w for “and z 
ie 
dE = aa 
g 
Substituting for v = wr 
Im2 
dE = 22 rdr 
g 


Using the suffix 1 for the inside radius of the vortex and suffix 
2 for the outside, and integrating between these limits, 


2 Ts 
Lane: [| 


T 


But, applying Bernoulli’s equation to the limiting streamlines, 


UPa 
1 w 2g 
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2 
and Bao to 


Hence, E,- By = PA 4 > 


From Equations (4) and (5), 


from which 
Po PR v? — v? 
w pr 2g (6) 


It will be noticed that Equation (6) is the centrifugal head 
impressed on the liquid and is the same result as that obtained 
in Art. 30. 

If the fluid is a gas, Equation (6) should be written 


(c) RapraL FLow oF a Liquip. In this case it is assumed 
that the liquid is flowing radially outwards between two 
horizontal flat discs, placed parallel a fixed distance apart. The 
liquid is assumed to enter by a hole at the centre and leave at 
the circumference, as is shown in Fig. 33 (page 59). As the 
path of the liquid is a straight line, the radius r of the streamline 
is infinity. Then, applying this to Equation (3), and putting 
r and dr equal to infinity, 

oe “(2 is z) = 
(2) g\ œ o0 


hence, the change of energy across the streamlines is zero. 
Applying Bernoulli’s equation, 


in SO ; 
= — + — = constant for all streamlines 
w 2g 
Let Q = discharge in cu. ft. per sec. 
and t = distance between discs in feet. 
Then, Vie ae at any radius r 


Qar 
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Using the suffix 1 for the inner radius and suffix 2 for the outer 
radius, 


om 27 ot 
Q 
and elise: 2nr,t 


As F is a constant for all streamlines, 
E, = E 


that is, 


from which == — 


Oan a 
= a rt) a 


This equation gives the pressure distribution shown in Fig. 28, 
which is known as Barlow’s curve. This type of flow is the same 
as that dealt with in Art. 29. ~ 

(d) FREE SPIRAL Vortex. This type of flow is a combination 
of radial flow [Case (c)] and free cylindrical vortex [Case 
(a) ]. It will be noticed by comparing Equations (2) and (7) 
that the pressure variation of these two types of flow are 
similar. 

In a free spiral vortex the liquid is rotating and flowing 
radially at the same time, thus moving in the form of a 
horizontal spiral. 


Let v, = radial velocity of liquid 
_ @ 
PO [Case (c) ] 
Let v, = circumferential velocity of liquid 


= 2 [Case (a) ] 


7 
Then, at any radius r, 


= T, = a constant for all radij, 
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Hence, the resultant velocity of the fluid flows at a constant 
angle to the tangent at all radii. Let this angle be represented 
by a, then 


Ur 
tan a = — 
Ve 


It will be noticed that the above four types of flow have 
been applied to liquids only and the density has been assumed 
constant. The equations obtained may also be applied to gases 
if the pressure variation is small, in which case the alteration in 
density is negligible. 


EXAMPLE 1. 
Calculate the difference of pressure between radii of 6 in. and 3 in. of a forced 
vortex of water which is rotated at 1450 r.p.m. 
Using Equation (6), 
jon Py U2 - 0," 
w 2g 
wira — 13) 
2g 
(2m 1450)2(-5? — -252) 
PECO 2 322 
= 67-3 ft. of water 
67-3 X 62-4 
OE la 
= 29-2 Ib. per sq. in. 


EXAMPLE 2. 


In a free cylindrical vortex of water it is found that at a radius of 3 in. the 
tangential velocity of the water is 20 ft. per sec. and its pressure 30 lb. per 
sq. in. Calculate the pressure at a radius of 6 in. 


For a free cylindrical vortex, 


ZIO 


y = 
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hence, C= ar 
== 20 Xt 
== 6 
Using Equation (2), 
a P2 “i l =) 


w AO Nie eta 


ae 144(30-p,) 5? / 1 2) 
Bn TL God da Ons 

25 x (- 12) x 62-4 
then, 0- Pi mage eae 
hence, Pa = 30 + 2:02 


== 32-02 Ib. per sq. in. 


235. Determination of Coefficient of Viscosity. The coefficient 
of viscosity of a liquid can be found experimentally by the’ 
three following methods. The first method is also applicable 
to gases. $ 

(a) By MEASUREMENT OF PRESSURE Dror DuRING PIPE 
FLow. It was shown in Art. 140 that the viscous resistance 
to the flow of a fluid along a straight uniform pipe is given by 
the equation 


a 
For a viscous flow it was proved that C = 8 and n = - 1; 
hence, the equation becomes 


dda eT 
vV pd 
For a circular sectioned pipe, running full, 


d 


MS 
and t= 


h 
l 


hence, by substituting these values in the above equation, 
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__ Pgh, 
T yo 


The coefficient of viscosity can be calculated from this 
equation if the values of h, and v are measured for a given 
pipe during viscous flow. The mean velocity v is obtained by 
measuring the quantity of flow in a known time; the drop in 
pressure head 4, is measured on a known length of pipe by means 
ofa sensitive pressure gauge. For accurate results a considerable 
length of pipe should be used, and the fluid must be maintained 
at a constant temperature. This method can be used for liquids 
or gases. 


from which 


(b) By MEASUREMENT OF DISCHARGE THROUGH AN ORIFICE. 
In Art. 224 it was shown that the rate of flow of a liquid 
through an orifice partly depends on the non-dimensional 
constant 

pDv 
u 


and, consequently, will vary with the coefficient of viscosity u. 
This fact is made use of in a type of viscometer which compares 
the viscosities of liquids by measuring the time taken for a 
given quantity of the liquid to discharge through a standard 
orifice. 

This principle is used in the Redwood Viscometer (Fig. 277) ; 
it consists of a vertical cylinder containing the liquid which is 
allowed to discharge through an orifice situated in the centre 
of its base. The cylinder is surrounded by a water jacket, 
which can maintain the liquid under test at any required 
temperature by means of an immersed electric heater. The 
cylinder is filled to a standard height with the liquid under 
test and is heated by the water jacket to the required tem- 
perature. The orifice is then opened and the time taken for 
50 c.c. of the liquid to flow into a measuring flask is noted; 
the viscosity of the liquid is proportional to this time. 

In one type of this viscometer the cylinder is 14 in. diameter 
and 34in. deep; the orifice is 1-7 mm. diameter and 12 mm. 
in length. 

It should be noticed that this viscometer does not give a 
direct measurement of u. It gives a comparison of u only; 
the exact value of u can be obtained by comparison with the 
times of discharge of liquids of known viscosity. 
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In this type of viscometer the whole head of the fluid, h, is 
utilized in overcoming the viscous resistance in the nozzle. 


| 


A 


a 
‘on 
I 


WLLALLLLLLLLLLITLLSSSELSPLELSLSLPLLLELLPL EG Dry 
Q 


Hence, in order to obtain good results, the fluid should flow 
out of the nozzle with no appreciable velocity. In these cir- 
cumstances, the velocity head of the discharging fluid is 


extremely small compared with the static head of the fluid in 
the cylinder, 
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Using Equation (8) (Art. 140) for the viscous resistance of a 


cylindrical nozzle, 
me = 0( Se)" 


voo 


4 
Let l = length of nozzle. 
As the whole head h is assumed to be lost, 
h 
Saar 
also, i d 
4 
Substituting these values in the above equation, 
E SA A 


4° 1 oa “pod 


But d, h and l are constants for the instrument, 


v 
hence. eee constant 
P 
: $ ] 
Time of discharge = Il co : 
hence, T =a constant x £ 
p 


If the fluid discharges with an appreciable velocity the 
above result will not hold; a correction must then be made 
in order to allow for the velocity head. 

(c) By MEASUREMENT OF TIME OF FALL OF STEEL BALL IN 
Liguip. Another method of measuring the coefficient of vis- 
cosity of a liquid is by allowing a steel sphere to fall freely 
through a column of the liquid, and by timing its fall through 
a known height. The falling sphere will at first accelerate; but 
the resistance to its motion increases with its velocity until it 
just balances the pull of gravity on the sphere. After this 
condition is reached the sphere falls with a constant velocity. 
The time of fall is measured over the constant velocity period 
only. 

Stokes proved by a difficult mathematical analysis that the 
resistance to a sphere moving through a non-compressible fluid 
is given by the equation 

FP = 6rprv 
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where F = resistance to slow motion (viscous flow) 
r = radius of sphere 
v = velocity of sphere 


By equating this resistance to the pull of gravity on the sphere, 
after the condition of uniform velocity has been reached, the 
value of the coefficient of viscosity can be calculated. 


Let V = final uniform velocity of sphere 
p= density of sphere used 
p = density of liquid under test 
Then, pull of gravity on sphere 
= weight of sphere — weight of liquid displaced 


= 377°(p, — po)J 
Now, pull of gravity = fluid resistance on sphere at velocity V 
or sarè (pi — pe) 9 = brur V 


2r°g(pı — Pe) 

OV ; > : : e (1) 
The velocity V is obtained by measuring the time taken by the 
sphere in falling a known height through the liquid after the 
condition of uniform velocity has been reached. The coefficient 
of viscosity u can then be calculated from Equation (1). 

This method of finding the coefficient of viscosity gives 
accurate results only if the uniform velocity V is low. No 
eddies should be caused by the falling sphere, and the cylinder 
containing the liquid should be of sufficient diameter to prevent 
its surface affecting the motion. 

It was shown in Art. 145 that the resistance of a body 
subject to viscous motion through a fluid is proportional to 
the density of the fluid, to the square of the linear dimensions, 
to the square of the velocity, and to the Reynolds number. Or, 


from which, u = 


F = kp x surface area x v? x (4 ) 
ped 


Applying this equation to the falling sphere, 
Paes 
kprd?v (4) 
hence F = kruvd 


This agrees with Stokes’s analytical result if the value of k is 3. 
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As was explained in Art. 227, Stokes’s law can be applied to 
the settlement of fine powders in suspension in a liquid, the 
fineness of the powder being graded by the time taken by a 
known amount of powder in settling. It is also used by engin- 
eers when dealing with silting problems. ` 


EXAMPLE. 


When a sphere of radius r cm. sinks in a liquid at a uniform velocity of 
vcm. per sec., and u is the coefficient of viscosity of the liquid in poises, the 
resistance to the motion of the sphere is R = 6a rv dynes. Hence find the 
coefficient of viscosity of a liquid in which a sphere of diameter -0622 in. 
sinks 20 cm. in 21:3 sec. The density of the liquid is -96 and of the sphere 
7-8 gm. per em. (London Univ.) 


20 

Now, a 313 
= -939 cm,/sec. 
-0622 x 2-54 
and t= Se 


Using Equation (1), 


tod 2r°g Cis po) 
K 9V 
2 X -0792 x 981 (7:8 — -96) 


9 x 939 
= 9-97 C.G.S. units 


236. Measurement of Flow by Pipe Orifice. If a diaphragm 
containing an orifice be inserted in a pipe through whicb a 
fluid is flowing (Fig. 278) there will be a loss of pressure in the 
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fluid as it passes through the orifice. By measuring this loss 
of pressure it is possible to calculate the quantity of flow 
through the pipe. This principle is used in a type of flow meter, 
the quantity of flow being proportional to the measured pressure 
drop caused by passing through the orifice. 
Let D = dia. of pipe bore 
d = dia. of orifice 
a, = cross-sectional area of pipe 
a, = area of orifice 
v, = velocity of fluid approaching orifice 
Vv = velocity of fluid through orifice 
pı = pressure of fluid immediately before orifice 
Pa = pressure of fluid immediately after orifice 
h = measured difference of pressure, ft. of fluid 
Then, Q = 4,2, =@,% . : 5 ; ; (1) 
Applying Bernoulli’s equation to both sides of orifice, 
D "Po , %%" 
os = 2g es ae 29 
IA eg (va? — 04) 


or 
w w 2g 


Substituting for v, from Equation (1) 


From which 


Then, O = th 
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Owing to losses due to the passage of the fluid through the 
orifices, this equation must be multiplied by a coefficient k, 
the value of k being found from tests for the particular orifice 
under consideration. The true discharge is thus given by the 
equation 


20 40 60 80 100 120 140 160 180 200 
Re 
Fia. 279 


It was shown in Art. 225 that the coefficient k is a function 


D 
showing the variation of k with the Reynolds number and with 


of the Reynolds number and the ratio (5). In Fig. 279, curves 


D 
tests. It will be noticed that k tends to become constant at 
high values of R,, when the flow is turbulent, and that its value 


d 
the ratio (5 are plotted; these curves were obtained from 


varies slightly with the ratio (5): 


The values of k for low values of R, are probably affected by 
surface tension and by the fact that the flow is laminar. 
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EXAMPLE. 


Water having a viscosity of u = :015 C.G.S. units flows through a pipe 
orifice. The diameter of the pipe is 2 in. and that of the orifice lin. If the 
pressure drop when passing through the orifice is found to be -85 tt. of water, 
calculate the value of C4 from the curves of Fig. 279 and find the flow through 
the orifice. 


As a first approximation a rough value of Ca is obtained from 


the curves of Fig. 279 for = =-5. From these curves an 


D 


approximate value of C4 is ‘63. 


Using Equation (3), 
Q = Ci 


hence, Vg = - = O; l 


Ay dae 
(5) ] 
64-4 X -85 
«ay [ES 
[1 — (4)] 
= 63 X 7:65 = 4-82 ft. per sec. 


Using this value of v, the Reynolds number can now be 
calculated. 


From Art. 138, 
= 7015 x 30°5 £ ; 
(= 453-6 x 39-2 .p.s. units 


Ore a One 


and p= = 


Il 

nee 
© 
wo 
NX 


Then, R; 


1:935 X 4:82 x qs 
T3240 
24,000 

hence, VR, = 155 
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Using this value of VR., the actual value of Ca can now be 
obtained from the curves of Fig. 279. It will be found that 


Ca = 62 when VR, = 155 and 7 = ip 


Then, C= Cra, 


T l 
= +62 == S . 
6 al x ggg) X 765 x 60 


= 1-55 cu. ft. per min. 

237. Nikuradse’s Experiments on Rough Pipes. In order to 
investigate the effect of the roughness of pipe walls on the 
resistance to flow Nikuradse* conducted a series of experiments 
on pipes having diameters of 2-5 cm., 5cm., and 10cm. The 
inner surfaces of these pipes were given ditferent degrees of 
roughness by coating them with grains of sand of various 
coarseness. 

Let r = radius of pipe 

k = average height cf roughness projections, or 


rugosities 
7 
then, r~ roughness factor. 
The inner surfaces of the pipes were coated with sand to 


À r 
give six different values of - varying from + = 15 to aoe 507. 


The resistance of each pipe was measured experimentally for 
various velocities of flow. The resistance coefficients were thus 
obtained for various values of the Reynolds number and for 


h r 
various values of —. 


k 
Let R, = Reynolds number for the pipe flow 
vd 
we 
f = frictional coefficient as used in the Chezy formula ; 
4flv? 
Wis 29d 


* See Forschungsheft V.D.I. 361 (Berlin). See also “Experiments with 
Fluid Friction in Roughened Pipes,” by C. F. Colebrook and C. M. White, 
(Proc. Roy. Soc., Vol. 161.) 
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The results of Nikuradse’s experiments are shown plotted 
in Fig. 280; the values of log f being plotted on a base repre- 
senting log R,. It will be noticed from the curves that, for 
small values of R., the flow is viscous or laminar and follows 
the straight line AB. During this type of flow the resistance 
was not affected by the roughness factor. As the values of R, 
increased the flow passed through a transition stage, and then 
became turbulent. The turbulent flow for smooth surfaces 
then appears to follow another straight line CD. The effect of 
the roughness factor can be seen by the deviation of the 
experimental points from this straight line. The pipes with the 
roughest surface cause the points to break away from the line 
CD at smaller values of R., whilst the smoother pipes cause the 
points to coincide with line CD up to large values of R,. 

It may be concluded from these results that a boundary 
sub-layer (Art. 173) around the walls of the pipe is in existence 
even during turbulent flow. If & is small and the rugosities do 
not project beyond this boundary sub-layer, the pipe wall 
will correspond to a smooth surface. This explains why the 
experimental points for small values of k followed the line CD. 
It was shown in Chapter XV that the thickness of the boundary 


sub-layer is proportional to = hence, as the value of R, 
increases the boundary sub-layer becomes thinner; conse- 
quently, the experimental results tend to leave the line CD 
for large values of R,. Thus, the surface may be regarded as 
smooth if the rugosities do not penetrate beyond the boundary 
sub-layer; if this penetration occurs the surface may be 
regarded as rough. 

As the experimental points for laminar flow coincided with 
the line AB it appears that laminar flow is not affected by the 
roughness of the surface. 

238. Prandtl and Von Karman’s Equations for Pipe Flow. 
Prandtl and Von Kármán have shown* that the results of 
Nikuradse’s experiments on rough pipes (Art. 237) can be 
represented by an equation of the form 


l i ku 
= e EV Aj : : : (1) 
Va g k + ¢ 5 1j 
where f, r and k are as defined in Art. 237. They showed that 
* See Forschungsheft V.D.I. 361 (Berlin). 
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if u is the local velocity near the pipe wall, the term - is a 


local non-dimensional factor, corresponding to a local Reynolds 
number, on which the resistance of the surface depends. By 


1 
plotting the values of ya 2 log t on a base representing 


kunne 
log FY Nikuradse’s results gave the curve shown in Fig. 281. It 


will be noticed that the experimental points obtained from 
smooth surfaces tend to follow the straight line AB. As the 
roughness of the surface increases the points leave the line AB 
and, after a transition period, appear to approach a horizontal 
line. When this horizontal line is reached the value of the 


1 
ordinate —=-2 log” remains constant at 1-74. The surface 
V4f k 


is then said to be rough. 
The equation to the straight line AB, representing a smooth 
surface laminar flow, is found to be 


ku 


- 2log > = 1 SCRE (2) 


a af 
The value of the horizontal line when a completely rough 
surface is attained is given by the equation 


1 r 
a Oe e e o! ` : : : > 3 
Vaf 8 5 (3) 
Prandtl has deduced the following equation for turbulent flow 
through smooth pipes 


l E 
—= = 2 log (R, V 4f) - 8 NIE es TE 
Vi g (Bev 4f) (4) 
where R, is based on the mean velocity of flow. 

This equation is shown plotted in Fig. 282, the ordinate 
representing f and the base log F.. The equation is found 
to agree with experimental results on turbulent flow for all 
values of R,. 

The dotted line in Fig. 282 represents the turbulent portion 
of the Stanton-Pannell curve of Fig. 170. It is found that this 
curve only agrees with experimental results up to a Reynolds 
number of logarithmic value 5-6. For larger values of R, 
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experimental results agree with the Prandtl equation, which is 
represented by the full line. 

Prandtl’s equation is regarded as a great scientific achieve- 
ment, as experimental tests on fluid flow through pipes of all 
sizes, and for different types of fluids, are found to lie on this 
curve, even up to such a large value of Reynolds number as 
40 x 108. 


EXAMPLE. 


Find the diameter for a pipe to transmit 10,000 h.p. 20 miles with 95 per 
cent efficiency, when the gross head is 150 ft. and the roughness of the pipe 
wall is equivalent to -1 in. sand. (London Univ.) 


Let Q = quantity of flow in cusecs. 
Th oe ee 
en, gross h.p. = -550 
h.p. t itted 
ee p. transmitte 
gross h.p. 
te. 95 — 10,000 x 550 
ee, = 62:4Q x 150 
from which Q = 620 cusecs. 
Then, O g 
a 
620 
z T 
n je 
a d 
790 
T 
4flv? p 
== Z 1 
h; Ia 5% of 150 
790\? 
aft( 
Then, 05 x 150 = Te 
4f x 20 x 5280 x 622,000 
hence, GP = 


‘05 X 150 x 64:4 
= 5450 x 105f 
from which P55 OA fi. = $ : we (6) 
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iho: lad 
Now, k =, 
55-9 X VT 
= Ero 2 
19 
= 3354 1/f . (6) 
Applying Equation (3) for rough pipes, 
l r 
a 2 lo a 1:74 
V4 i 
Substituting for : from Equation (6), 
l 5/7 
—— — 2 log (3354 Vf) = 1-74 
vV4f g 
Solving this equation by trial or by plotting, 
f= 2004 


Substituting this value of f in Equation (5), 
d = 55:9 x v/-004 


==50°9 3°33 
== 18:5 ft: 
If this value of f is substituted in Equation (6), 
7 
An 1118 


As a check, using this value of 5, the value of f can be obtained 


from the curves of Fig. 280 by extrapolation. 


From these curves, log f = 3-6 (approximately) 
from which f = -00398 


which agrees with the value obtained from Equation (3). 


239. Frictional Resistance of Rough Surfaces, Turbulent Flow. 
Prandtl and Schlichting investigated the frictional resistance 
of surfaces, of different roughness, to fluid flow and obtained 
the curves shown in Fig. 283, for turbulent flow. Surfaces of a 
known roughness were tested, the roughness coefficient being 
defined as the ratio of length of surface divided by the height 
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of the roughness projections. This is a similar coefficient to 
that used for rough pipes (Art. 237). 
Let R = total frictional resistance of surface 
A = area of surface 
Č, = frictional coefficient 
p = absolute density of fluid 


L 
g 
V = velocity of fluid relative to surface 

Mhen h 9 : : ; ; ' ECL) 


It will be noticed this equation is similar to the drag 
equation for aerofoils (Arts. 158 and 159), O; corresponding to 


O10 l 1000 
008 
006 
D =10,000 
Loe =100,000 
= see 
aon 1,000,000 
-O02 + ————— 
-OO1S + | B 
-OOl E de = E 
104 10° 106 107 108 10° 
Re 
Fig. 283 


the drag coefficient. O, approximates to $C, for a flat plate, as 
the latter deals with both sides of the plate. 
In the curves of Fig. 283 C; is shown plotted on a base 
representing the R, for the flow; both are plotted to log scales. 
Let l = length of surface 
k = height of rugosities 


Then, roughness coefficient = +- 


k 
e 


u 

The curve AB gives the results for surfaces which can be 
regarded as aerodynamically smooth; that is, when the 
rugosities do not penetrate beyond the laminar sub-layer. In 
all cases, the experimental curves at first follow the curve AB, 


and, ite 
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and then after a short transition period, conform to a horizontal 
line. This means that C, remains a constant value after a 
certain Reynolds number is reached. It will be noticed that 
the rougher the surface, the earlier is the departure from the 
smooth curve AB. 

From these curves the value of C, can be read off, for any 
given turbulent flow, if the roughness coefficient of the surface 
is known; the total frictional resistance can then be calculated 
from Eq. (1). 


EXAMPLE. 

A ship 100 ft. long has a total wetted surface of 1,600 sq. ft. and has a speed 
of 10 miles per hour in sea water of density of 64 lb. per cu. ft. and coefficient 
of viscosity of 27 x 10° ft. lb. units. If the surface of the ship has rugosities 
of 4 in. in height, find the resistance of the ship at this speed and the horse- 
power absorbed in overcoming friction. Use the curves of Fig. 283. 


10 x 5,280 14-68 ft 
v 3.600. . per sec. 
v °F = 1.99 absolute unit 
emer es Va absolute units 
l 100 x 12 
a ae 
l 
RE 
u 
1-99 x 14:68 x 100 1-082 A 
oT Oe ee 
From curves of Fig. 283, for the above values of R, and ti 
C, = -0047 
Using Eq. (1), 
Res C'pAv? 
2 


‘0047 x 1:99 x 1,600 x (14:68)? 
5 d 


pa 


— 1,620 lb. 
TE>, BO 
Frict lh z Tiea aa 
ictional horse-power 5 
1,620 x 14-68 


= 550 = 43:3 
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240. Rotating Cylinder in Moving Fluid. If a cylinder in a 
transversely moving fluid be rotated about its longitudinal 
axis, a transverse force is found to act on the cylinder. The 
cylinder thus develops a lift coefficient and acts in a similar 
manner to an aerofoil. This phenomenon is known as the 
Magnus effect. 

In Fig. 284 a cylinder is shown rotating clockwise in a fluid 
which is moving from left to right. The effect of the rotating 
motion is to deviate the streamlines, as shown in the figure. 
The linear velocity of the perimeter of the cylinder is assumed 
to be greater than that of the fluid. 

At the edge a the velocity of the stream is increased by the 


Fia. 284 


movement of the cylinder; hence, by considering the applica- 
tion of Bernoulli’s equation to these streamlines, the pressure 
at a will be reduced. At the edge b the velocity of the adjacent 
streamlines are reduced by the movement of the cylinder; 
hence, from the application of Bernoulli’s equation, the pressure 
at b is increased. The effect of these pressure changes produces 
a lateral force on the cylinder causing it to act as an aerofoil. 
It is found from tests that the lift coefficient C, for a rotating 
cylinder may be as high as 9. 


Let V = velocity of fluid stream 
u = peripheral velocity of cylinder 
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a ; 
The variation of C, with the ratio | is shown plotted in 


7 
Fig. 285; these results were obtained experimentally by 
Betz with a rotating cylinder which was fitted with end disks 
in order to prevent axial end flow. 

This aerofoil effect of a rotating cylinder is noticeable in 
the firing of shells from guns across a transverse wind. The 


r 


10 


Fig. 285 


shell leaves the gun barrel with a high linear velocity and also 
with a high rotational velocity due to the rifling of the inside 
of the barrel. It thus becomes a rotating cylinder in a trans- 
versely moving fluid. This causes a vertical force on the shell 
which will affect its range, depending on the strength and 
direction of the wind. 

Another example of a practical use of this phenomenon is 
in the Flettner rotor ship. A schooner named Buckau was 
fitted with two rotating cylindrical towers as a method of 
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propulsion.* These towers were built above the deck and 
were revolved by an electric motor, the current being produced 
by a 45 h.p. Diesel engine. They were 9-1 ft. in diameter and 
60 ft. high and could be rotated at various speeds up to 
125r.p.m.; the direction of rotation was reversible. The 
projected area of the towers was only one-tenth of that occupied 
by the former rigging of the Buckau as a sailing schooner. 
The weight of the towers and driving plant was 7 tons, against 
a total weight of 35 tons of the former rigging. The ship was 
fitted in this manner by Flettner, who considered that the 
propulsion of a ship by rotating cylinders exposed to the wind 
would be more efficient than the ordinary sails. 

The Buckau, by making use of the wind on her rotating 
towers, made a double crossing of the North Sea from Germany 
to Scotland, but the journey, although of scientific interest, was 
not regarded as a success. 

In 1926, the Buckau, renamed Baden-Baden, crossed the 
Atlantic to New York by this method of propulsion. Another 
ship, the Barbara, of 3,000 tons, was fitted with three rotating 
towers of 13-2 ft. diameter and 56 ft. in height. Each rotor 
required 35 h.p. for rotation at 150r.p.m. The weight of the 
rotors and gear was 40 tons; this was equivalent to 180 tons 
of sails and rigging. This ship had a speed of 104 knots and 
was used as a freight carrier. 

Flettner also used this principle in the design of windmills, 
the sails consisting of four rotating cylinders; each cylinder 
was rotated about its longitudinal axis by the power of a 
smali engine. 

241. Methods of Controlling Boundary Layer Flow. It 
is possible to control the boundary layer flow (Art. 166) of an 
aerofoil by external means so that an increased lift and a 
reduced drag are produced. The break-away, or separation, 
can also be prevented by this method, thus giving greater 
manceuvring ability to an aeroplane. Many experiments have 
been carried out showing the various effects of boundary 
layer control on aerofoils; these effects can be observed by 
studying the shape of the stream-bands produced when the 
aerofoil is tested in a wind channel, the air stream being made 
visible by smoke bands. The shape of the smoke bands are 
shown in Figs. 286, 288, and 289; these have been reproduced 
from photographs. 

* See Engineering, 23rd January, 1925. 
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The following five methods have been used to control the 
boundary layer flow over the surface of an aerofoil. 

(1) Wine Srors. The insertion of a slot through the 
aerofoil causes either suction or increased pressure on the 
upper surface, according to the position of the slot. The 
pressure in the boundary layer can thus be controlled and 


—— 


“ny 
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(a) A stalled aerofoil, showing break-away. 

(b) The same section after boundary layer suction has been applied. 

(c) The same section fitted with a slot. 
break-away prevented. The effect of the slot can be observed 
by comparing the shape of the smoke bands shown in Figs. 
286 (a) and 286 (c). 

In Fig. 286 (a) is shown a stalled aerofoil; the break-away of 
the boundary layer is clearly demonstrated by the shape of 
the smoke bands. In Fig. 286 (c) is shown the same aerofoil - 
under identical conditions, but in this case a slot has been 
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opened near the leading edge. It will be noticed that the 
opening of the slot has prevented the break-away of the 
boundary layer. The smoke bands now adhere to the upper 
surface of the aerofoil for the whole of its length; the stalling 
of the aerofoil has thus been prevented. This shows that by 
fitting a slot in an aeroplane wing an increased manceuvring 
24 T 
| T 
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Fig. 287 


power is given to the aircraft, as the condition of break-away 
of the boundary layer can be prevented and stalling is thus 
delayed. The principle is used in the Handley-Page slotted 
wing, and is adopted in many types of aircraft. 

The effect of a wing slot on the lift coefficient of a Handley- 
Page aeroplane wing is shown in the lift coefficient curve of 
Fig. 287. In this figure the lift coefficient C, is plotted on a 
base representing the angle of incidence. The dotted-line 
graph is the lift coefficient curve for the wing when the slot is 
closed. It will be noticed that it then stalls at an angle of 
incidence of 174 degrees; this corresponds to a break-away of 


614 HYDRAULICS 


the boundary layer. Also, the greatest lift coefficient is 1-4 
under this condition. The full-line graph is the lift coefficient 
curve when the slot is fully open. The wing now reaches an 
angle of incidence of 26 degrees before stalling and the greatest 
lift coefficient is increased to 1-98. From a comparison of these 
two curves it will be seen that an increased manceuvring power 
is obtained by the use of the slotted wing. It will be noticed 
that the slot causes a supply of additional energy to the 
boundary layer and thus prevents the formation of a reversal 
of the pressure gradient (Art. 170). 

(2) SPOILER Fiars. The lift coefficient of an aerofoil can be 
increased by fixing spoiler flaps, or slats, on to its surface. 
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The effect of a flap on the pressure distribution on the surface 
can be seen from a comparison of the smoke bands of Figs. 
288 (a) and 288 (b). In Fig. 288 (a) is shown an aerofoil without 
the flap raised. The effect of raising the flap is shown in Fig. 
288 (b), which is the same aerofoil under identical conditions. 
The negative pressure in the wake of the flap causes an increase 
of lift. Thus, variation in the pressure within the boundary 
layer can be caused by the fixing of a flap to the aerofoil 
surface. 

(3) RE-ENERGIZING COMPRESSED AIR STREAM. In this 
method a stream of compressed air is passed into the boundary 
layer through passages in the wing; the pressure distribution 
on the surface of the aerofoil, and within the boundary layer, 
is thus affected. This prevents the formation of the positive 
pressure gradient which is the cause of separation of the 
layer (Art. 170). It also causes alteration in the Reynolds 
number of the flow, consequently, break-away conditions are 
affected. An air compressor, or blower, is required to produce 
the energizing air stream. 
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(4) Bounpary Layer Svotion. The performance of an 
aerofoil can be affected by sucking away the boundary layer 
of the upper surface. This has been performed on the wings of 
an aeroplane, whilst in flight, by fitting a perforated surface 
on to the upper surface of the wings. The air of the boundary 
layer flow is sucked through the wing by the action of a 
Venturi fitted on to the lower surface, or by a blower driven 
on a separate engine. 

In Fig. 286 (a) are shown the smoke bands flowing past a. 
stalled aerofoil, break-away of boundary layer having occurred. 
In Fig. 286 (b) is shown the same aerofoil under the same condi- 
tions, but in this case boundary layer suction is being applied. 
It will be noticed that the smoke bands now pass along the 
surface, showing that the break-away condition has been 
prevented by the suction. The suction draws away the accumu- 
lation of fluid due to the reversal of the pressure gradient 
(Art. 170); separation is thus prevented. 

Phillips and Powis* obtained a 26 per cent reduction in 
profile drag, and an increased lift, by sucking away the boundary 
layer from the upper surface of an aeroplane’s wings by means 
of a Venturi fitted under each wing. This was done whilst 
the aircraft was in flight. In another test by the same experi- 
menters, the boundary layer was sucked away from the upper 
surface of the wings by means of a blower driven by an 8 h.p. 
engine. It was found that the rate of climb was increased by 
29 per cent by this latter method, which was equivalent to 
another 17 h.p. on the aircraft engines. It was also found that 
a decrease of 22 per cent in profile drag was obtained when the 
plane was travelling at top speed. 

(5) ROTATING CYLINDER AS Leapina Epes. The boundary 
layer flow is affected by incorporating a rotating cylinder as 
the leading edge of the aerofoil, thus making use of the Magnus 
effect (Art. 240). This method causes a variation in the pressure 
distribution on the upper and lower edges of the aerofoil; an 
increased lift and the prevention of break-away can be accom- 
plished by this method. Power of some type must be provided 
for the rotation of the cylinder. Lippisch has shown experi- 
mentally that by this means the angle of incidence of an aero- 
foil can be greatly increased without break-away occurring. 
Views of his aerofoil, fitted with a rotating cylinder for its 


* See article by F. G. Miles in Flight, January 26th, 1939. 
+ A. Lippisch in Journal of Royal Aeronautical Society, Vol. 43, 1939, p. 653. 
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leading edge, are shown in Fig. 289. In Fig. 289 (a) the cylinder 
is at rest; the smoke bands show that break-away has occurred 
at the angle of incidence adopted. In Fig. 289 (b) is shown the 
same aerofoil under the same conditions, but the cylinder is 
now being rotated. From the new positions taken by the 
smoke bands it will be seen that the break-away of the boundary 
layer has been prevented. 

The effect of the rotating cylinder is to cause a stream of 
fluid of high velocity to enter the boundary layer which is 
thus re-energized; this prevents the formation of a reversal 


=O 20) 


(A) ROTOR AT REST; SEPARATION HAS OCCURRED 


=) A 


Å 


(6) ROTQR REVOLVING; SEPARATION PREVENTED 
Fie. 289 


of pressure gradient and so prevents the occurrence of separa- 
tion (Art. 170)* 

242. Application of Boundary Layer Control to Diffuser. An 
improvement of the efficiency of diffusers can be obtained by 
the application of boundary layer suction to the diverging 
passage. If the throat diameter of a Venturi meter is very 
small compared with that of the mouth, there is too rapid a 
rate of expansion of the jet area for the diverging cone to run 
full; this causes a loss of pressure. In the same way, the diffuser 
of a centrifugal pump may have a reduced efficiency due to this 
cause. By applying boundary layer suction at the periphery of 
the diverging passage of a diffuser, the full expansion of the 
jet can be brought about. 

The effect of this suction is shown in the photographs of | 


* For a detailed account of boundary layer control, see Modern Develop- 
ments in Fluid Mechanics, by Goldstein (Oxford University Press) 


Fie. 2904 
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Fig. 290. These photographs are due to Prandtl; they show 

a fluid stream flowing through a diffuser which first contracts — 
to a throat and then diverges rapidly. Two slots, which can be 
opened or closed at will, have been fitted to each side of the 
diverging portion; by opening the slots boundary layer suction 
is applied to the jet. In the view shown in Fig. 290a the slots 
are closed; it will be noticed that the jet has not expanded 
sufficiently to fill the whole width of the diffuser passage. The 
same jet is shown in Fig. 2908; the slots are now open and 
suction is applied. It will be noticed that the boundary layer 


Fie. 291 


is now drawn to the sides of the diffuser and a full expansion 
of the jet is obtained. 

Ackeret* found that a particular diffuser had an efficiency 
of 50 per cent when no boundary layer suction was applied. 
This was increased to 81 per cent by applying suction to one 
annular slot situated between the throat and outlet. A quan- 
tity of water equal to 5 per cent of the total flow was withdrawn 
through the slot by the suction. On the assumption that the 
efficiency of the suction pump was 75 per cent, the work done 
in removing this quantity of water was 3-4 per cent of the 
kinetic energy of the jet at the throat. Ackeret suggests that 
by the application of this method the efficiency of diffusers 
can be increased, and its use may produce important improve- 
ments in hydraulic and ventilating engineering. 

243. Deep Water Surface Waves. The transmission of a 
surface wave over deep water is brought about by a local 
circulation of the surface water, as shown in Fig. 291. The 


He See Ackeret, Zeitschr. des Vereines deutscher Ingenieure, 70 (1926), 1155- 
he 
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estoring forces acting on the wave are mainly due to gravity, 
mut surface tension also tends to resist wave motion, especially 
n small waves. In most waves the effect of surface tension is 
mail and may be neglected. 

Consider the deep water wave shown in Fig. 291. Each 
article of water on the surface describes circles as shown in 
he figure. When the particle is at the crest A it has a velocity 
; in the same direction as the wave. By the time the trough 
yf the wave reaches this section, the velocity of the particle is 
10w in the opposite direction to that of the wave. Thus, this 
ocal circulation causes the water to flow upwards to form the 
rest of the wave and downwards to cause the trough. The 
articles of water below the surface also flow in circles, but the 
liameter of these circles decreases with the depth until, at a 
ertain depth, the local motion ceases. As the total energy at 
he surface remains constant, the decrease of kinetic energy 
vetween the trough and the crest must equal the increase of 
s0tential energy between these sections. 


Let V = velocity of wave 
a = radius of circle described by particle 
T = period of wave in secs. 
A = wavelength 
v = velocity of particle 


2 
hen, GE a 
A 
und = y . . . ° . . . (1) 


Bring the wave to rest by giving the whole mass of water a 
relocity of V backwards. Then, 


Velocity of particle at crest A = - V + v 


i 27a 
= eV 
Velocity of particle at trough B = - V - v 
2ra 
ae 


Yonsider unit mass of water at crest A and trough B; 


decrease of kinetic energy decrease of potential energy 
between B and A between A and B 
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il 2 2 2ra\? 
oh OTa T a 


gT 
from which V= oe 
TT 
Substituting for 7’ from Equation (1), 
ga 
=) = : ; 2 N2 
4 F (2) 


It will be noticed that this equation is independent of the 
density of the liquid. 

244. Shallow Water Surface Waves. If the depth of the 
liquid is considerably less than the wavelength A, the equation 


A 


Fig. 292 


for the wave velocity given in Art. 243 will not apply. Under 
these circumstances the liquid may be regarded as shallow; 
the velocity of the wave is affected by the action of the bed 
in destroying the local circulation immediately above. 

Consider the shallow water wave shown in Fig. 292; the 
wave is transmitted by means of a local circulation near the 
surface. 

Let V = velocity of wave 


h = mean depth of water 


Bring the wave to rest by giving the whole mass of water a 
velocity V in the opposite direction. Let Q be the flow through 
a section of unit width measured perpendicular to the direction 
of flow. Consider a vertical section A (Fig. 292) at which the 
depth is the mean depth h. 


_@Q 
Then, v= 7 


At any vertical section the total energy of the water is 
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constant, because the increase of kinetic energy between the 
trough of the wave and its crest must equal the loss of potential 
energy between these sections. 


At section A, 
Total energy of water = E = h + z 
Q2 
e. z el) 


As this is the same at all vertical sections, it follows that 


dE 
=~ = 0; hence, differentiating Equation (1), 


dh 
dE 2Q2 
dh oe = ° 
; y Q 
that is, ra ke pee 
hence, $ V = Voh z W) 


It will be noticed that this equation is proportional to the 
Froude number (Art. 89) and is the same as the critical velocity 
in a channel; hence, it follows, that waves are formed when 
water flows in a channel with this velocity and depth. 


245. Energy Stored in Water by Compression. It was 
explained in Art. 181 that the bulk modulus of a fluid is the 
ratio of the volumetric stress to the volumetric strain, 


P 


or, K= av : : ‘ aide) 
in 
where P = pressure of fluid in lbs. per sq. ft. 
V = original volume of fluid in cu. ft. 
and dV = change in volume due to pressure P 


; Ree : DNE dV, 
When this equation is applied to a liquid the term y is known 
as the volumetric strain. 

The applied pressure P causes the volume to decrease by 
dV during its application, thus doing work on the liquid. The 
liquid receives an amount of energy of the same magnitude 
as the work done; this energy is stored in the liquid in the 
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form of elastic energy, or strain energy. The pressure P is 
assumed to be applied gradually, so that whilst the water is 
being compressed the pressure commences at zero and gradu- 
ally increases to P, the increase following a straight line law. 


A lee B ep 
Z a 


<< 
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Hence, the average pressure acting during the decrease of 
volume dV is 4 P. 


Sirain onerey picid = work done by P 
in liquid 
= average pressure X change in volume 


=4Px dV 
But, from Equation (1), 
PY. 
Mars 
hence, 
2 
Strain energy stored = 2K x Volume . ‘ « 42) 


where K is in foot units. 


246. Hammerblow in Pipes. As explained in Art. 77, 
hammerblow in pipes is due to the pressure wave caused by 
the sudden closing of a valve. 

Consider the pipe AB (Fig. 293) of length l and cross- 
sectional area “a” having water flowing in the direction AB 
with a velocity v. If the valve at B is suddenly closed there 
will be a sudden rise of pressure at B due to the inertia of the 
water column in the pipe. Let P be the maximum pressure at 
B due to this cause. The sudden rise of pressure at B causes a 
pressure wave to travel backwards along the pipe from B to A 
with a velocity v, which is the velocity of sound in water 
(Art. 182). The time taken for the pressure wave to reach A is 


— secs. 
Us 


When the pressure wave reaches A the water in the pipe 
commences to surge backwards from B to A, thus causing the 
pressure to fall. The wave front of this falling pressure travels 
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from A to B with a velocity v, the pressure falling to the 
normal pressure of the water when B is reached. Owing to the 
inertia of this backwards flow, the pressure at B now falls to 
- P; this causes a negative pressure wave to travel from B to 
A with the velocity v,. When A is reached the water commences 


oLressure 


Fig. 294 


to flow towards B, thus causing the pressure to rise. The wave 
front of this rising pressure then travels from A to B at a 
velocity v, the pressure in the pipe again reaching normal 
when the wave reaches B. Thus, a cycle is completed during 
which a pressure wave has travelled the length of the pipe 
four times. 

Let t= time taken for complete operation of cycle 


4l 
= = REG 
Vs 

The cycle is then repeated, but owing to frictional resistances, 
the maximum positive and negative pressures are continually 
being reduced during each repetition of the cycle. The pressure 
waves are thus describing a damped vibration, as shown in 
Fig. 294, which continues until the whole of the energy of the 
wave has been absorbed. 

The pressure wave causes shock and noise as it vibrates 
backwards and forwards along the pipe. In a long pipe exces- 
sive pressure can be produced which may damage the joints. In 
such cases, practical methods are adopted to absorb the energy 
of the wave, such as stand pipes and relief valves (Art. 121). 

It will be shown in Art. 247 that if the valve is closed within 
the time taken for the pressure wave to traverse the length of 
the pipe, the effect is the same as if the valve were closed 
instantaneously. 
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The problem of water hammer is further complicated by 
the elasticity of the walls of the pipe; the increase of water 
pressure causes the pipe to expand radially, thus absorbing 
part of the kinetic energy of the water column. This effect is 
dealt with in Art. 248. 

247. Pressure due to Sudden Stoppage, Neglecting Pipe 
Expansion. Consider the pipe of Fig. 293. Water is flowing 
with a velocity v and is suddenly brought to rest by the sudden 
closing of the valve at B. Assume the pipe to be perfectly rigid 
and non-elastic so that there is no radial expansion of its walls. 
Before the valve is closed the water has a kinetic energy due to 
its velocity ; after the valve is closed this energy is converted to 
strain energy due to the compression of the water (Art. 245). 

Consider a short length dl of the water column; then, 

loss of kinetic energy = gain of strain energy 


Substituting Equation (2) (Art. 245) for strain energy, 


(wad) v?  , P? 
mage se Be A“ 
2 
from which 5 = te 
or E= a = : : : > bl} 
Let p = density of water in absolute units 
ape 
pnd 
then, P == WV KR: - ; L  A(2) 


Equations (1) and (2) give the rise of pressure of the water in 
lb. per sq. ft. due to instantaneous closing of the valve. 

It can be shown that, if the time taken to close the valve 
is less than that required for the pressure wave to travel the 
length of the pipe, the pressure produced is the same as if the 
valve were closed instantaneously. Assume the valve be closed 
in the period of time at such a rate that the water is brought 
to rest with a constant retardation f. 

Consider the column of water in the pipe of Fig. 293. 

Retarding force on end 


of pipe = Mass of water x Ji 


that is, pe PLN f 
g 
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from which pe 3 if 
== lf ; ; ; HS) 
Let t = time taken by pressure wave to travel length 
of pipe 
l 
=r 
hence, | = tv, : ; ; ; iA) 


but, from Equation (4), Une 182), 


also, 
T 


Substituting these values in Equation (4), 


robe 


Substituting this value of l in Equation (3 
== px 4 sE, xf 


which is the same result as ae a (2). This proves that if 
the valve is closed within ¢ secs. the effect on the pressure rise 
is the same as the rise obtained by an instantaneous closing. 

248. Effect of Pipe Elasticity on Hammerblow. The rise 
in pressure of the water due to a sudden stoppage of flow in a 
pipe causes a radial expansion of the latter; the strain energy 
thus stored in the pipe absorbs some of the kinetic energy 
lost by the water. 

The increase of radial pressure of the water on the pipe 
causes circumferential and longitudinal stresses in the pipe 
walls.* If the walls of the pipe are thin compared with its 
diameter, it is possible to obtain a simple solution to this 
problem. 

Consider a short length dl of the pipe, shown in Fig. 295. 
Let P = pressure of water due to hammerblow, lb. per sq. ft. 

r = radius of pipe in ft. 
t = thickness of pipe in ft. 


* See textbooks on Strength of Materials for Stresses in Thin Cylinders. 
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a = cross-sectional area of pipe’s bore in sq. ft. 
circumferential stress in pipe, lb. per sq. ft. 
Iei 

ee? 
f, = longitudinal stress in pipe, lb. per sq. ft. 
Pr 
2e 


o 
| 


So 


~ 
Fia. 295 


Let ŒE = linear elastic modulus of pipe walls, lb. per sq. ft. 
K = bulk modulus of water, Ib. per sq. ft. 
m = Poisson’s ratio 

Then, volume of pipe walls = 2zrtdl cu. ft. 

Working in foot units, and assuming m = 4, 


strain ne t= (45 fe x vol. )+(% fi X vol.) - (H xX vol.) 


in pipe walls 


1 2 
= yx aot g + p20) 
__ mrtdl (= Pèr? 5 


E {2 4t? — 4e 
P?rrèdl 
SFE 
(adl)r P? 


= Ti ft. units ; ; : . (1) 
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From Equation (2) (Art. 245) the strain energy stored in water 
of the short length of pipe considered is— 


P2 
2 x (adl) ft. units : ae 2) 
Then, 
oe of kinetic prey = strain energy f strain e 
of water stored in water) {stored in pipe 
Substituting the values of Equations (1) and (2), 


w(adl)v? P(adl adl)r P2 
=I ( yan ) 


K Et 
wv? l 2r 
: LEDC 8 2r 
that is, 7 Ha (z+ 3) 


from which 


w 
J = [a lb. per sq. ft. : . (3) 
a(x +p 


Having obtained the value of P from Equation (3), the stresses 
f,.and f, can then be calculated. 

It will be noticed from Equation (3) that if the pipe is in- 
elastic, H is infinity, then the equation becomes the same as 
Equation (1) of Art. 247. 


EXAMPLE. 


Obtain a formula for the rise in pressure in a thin elastic pipe of circuiar 
section im which a flow of water is stopped by the sudden closing of a valve. 
Water flows in a long pipe which is 6 in. diameter and } in. thick with a 
velocity of 4 ft. per sec., when it is suddenly brought to rest by the closing 
of a valve. Calculate the theoretical stress produced in the pipe near the 
valve taking K for water as 300,000 lb. per sq. in. and # for the pipe 
material as 30 x 10° lb. per sq. in. (London Univ.) 


In this question, 

(eats) tae 10, O — 4 ib. persec. 

K = 300,000 x 144, E = 30,000,000 x 144 
First calculate P from Equation (3), 


w 
Da lb. per sq. ft. 
(eta 


Substituting the above values in this equation, 
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62-4 
ba 1 | 2x 4x 48 
PO asm x 144 ' 30,000,000 x 144 


= 35,100 Ib. per sq. ft. 


Then, 1 
Pr i 35,100 Xx 
jja = xe x sth lb. per sq. In. = a x 144 


= 2,930 lb. per sq. in. 


249. Application of Aerofoil Theory to Air Compressor Blades. 
In order to apply the aerofoil method of solution of Art. 163 to 
the blading of an axial flow air compressor, the values of Cz 
and Cp of the blade section used must be known for the 


ee a ae E E ee ee eas == 
| 

Val Fixed 

fi Blades 


Moving 
Blades 
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conditions of flow which occur. These values are affected by the 
pitch/chord ratio (Art. 164) and by the relative Mach number 
of the flow over the blade (Art. 198); they can only be found 
from wind tunnel tests.* 

The velocity diagram at inlet (Art. 163) must be drawn, as 
shown in Fig. 296, and the blade must be sloped so that its 
chord makes an angle « to the relative velocity direction, as 
shown, where « is the best angle of incidence. 

Referring to Fig. 296, the air enters from the fixed guide 
blade with a velocity V. By combining this vectorially with 
the moving blade velocity v, the relative velocity V, is obtained, 
in magnitude and direction. The blade chord is then placed 
at an angle « to the direction of V,. 


* For theory of centrifugal compressors, see author’s text-book Thermo- 
dynamics Applied to Heat Engines (Pitman) 
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2 
Now = L i 
2 
and D) = e k 
Erom Eq. (1), Art. 163, 
JA = AS ETD 6 > ; s 1) 
From Eq. (6), Art. 193, 
work done 


| = F xvx N x adiabatic eff. 


A e a 


per sec. 
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where V, = volume of air compressed per sec. 


horse-power required for) _ F x v x N 
stage considered e 550 


The final pressure of the air p, at the outlet of the stage can be 
calculated from Eq. (2). 

Alternately, Eq. (2) can be solved by using the heat-entropy 
chart (facing page 480), the losses of energy over the blade 
being assumed to reheat the air (Art. 194). The diagram 
representing this process on the heat-entropy chart is shown in 
Fig. 297. 


Let W = wt. of air compressed per sec. 
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heat units 


Then work done af XUN 


per lb. of air JW 
= ab (Fig: 297) = =i, 
adiabatic To Z 
of compression ab 
If the adiabatic efficiency be assumed, the point c can be 
calculated, and the final pressure p, can be obtained from the 
chart. The final condition of the air is represented by d. 
The method is illustrated by the following worked-out 
example. 


EXAMPLE. 


The following particulars refer to the blades of the first stage of an axial 
flow air compressor fitted with aerofoil blading— 


Speed = 8,700 r.p.m. guide blade angle = 1244° to 
mean dia. of blade ring = 17-66 in. direction of motion 
No. of blades = N = 27 | weight of air compressed = 43 lb. 
height of blades = S = 3-8 in. per sec. 
chord length = c = 1-93 in. initial pressure of air = p, = 14-7 lb. 
chord angle = 344° to direction of per sq. in. 

motion initial temperature = T, = 293° K. ~- 
adiabatic eff. = 75 per cent. C, = ‘426 
blade area coefficient = -93 Cy = -23 


Calculate (1) the relative Mach number of the flow over the blades; 
(2) the theoretical horse-power required for this stage; 


(3) the final temperature and pressure of the air leaving the stage. Use the 
heat-entropy chart facing page 480. (Allow for the reheating of the air by 
friction but neglect any heat losses, and neglect change of density of air.) 


‘93nds 
Area of flow = 144 
‘93a < 17:66 X 3°8 
= 144 = 1-36 sq. ft. 
aT << 17-6078. 700 f 
v= 12 x B07 ua 669 ft. per sec. 
3°8 X 1:93 
chord area = A = 144 =O O us 
N G a = vow! 
144 X 14-7 = 0752 Ib 
96 x293 . per cu. ft. 


W 43 
w . -0752 


Volume of flow = Q = = 572 cusecs. 
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Velocity of flow = V; = area of flow 


572 
= ag 420 ft. per sec. 
Initial sonic velocity = v, = VyRT 
= V1-4 X 96 x 293 X 32-2 
== 1,125 ft. per sec. 
The velocity vector diagram can now be drawn (Fig. 296). 


From velocity diagram, 6 = 234° 
V, = 1,050 ft. per sec. 
hence, angle of incidence = « = 344° — 234° 
= 11° 
V 1,050 
. QE ES rp = ’ . 
(1) Relative Mach No. = oe ere 932 
CrwAV,? 
(2) L= = ay 
-426 X -0752 X -051 x (1,050)? 
= A = 27-9 Ib. 
p= Oat? 
2g 
-23 X -0752 < -051 x (1,050)? 
= 2x39 == 15-0 1b. 


Applying Kq. (1), 
F = L sin 0 + D cos 0 
= (27-9 sin 234°) + (15 x cos 234°) = 24-8 lb. 


Sere Ny 
= 24:8 X 669 x 27 = 448,000 ft. lb. 


work done 
per sec. 


theoretical ee. | _ 448,000 
: = = 814 
required for stage 550 
(3) Rise in total heat) _ 448,000 
during compression JE SW 
448,000 
= 1,400 x 43 Z 7°45 CHU: 


Referring to the heat-entropy chart facing page 480, the 
compression process on this chart is shown in Fig. 297, 
21—(T.5167 
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a = state point for air at p, and T, 


ab = adiabatic pressure rise neglecting reheating 
A ala LO 
ac = ab X adiabatic efficiency 


= 7:45 X -75 = 5-58 C.H.U. 
d = state point for final condition of air, after reheating 


From chart, pa 18:8 lb. per sq. in. 
T == 323° K, 


EXAMPLES 20. 


(1) A capillary tube of fin. bore is placed vertically in water. Calculate 
the elevation of the water in the tube due to capillarity. The surface tension 
is -42 x 10-*lb. per inch. 

Ans.— 372 in. 


(2) Water is rotating in the form of a free cylindrical vortex. At a radius 
of l in. its tangential velocity is 5 ft. per sec., and its pressure 20 lb. per sq. in. 
Calculate the pressure at a point in the vortex at a radius of 2-5 in. and in 
the same horizontal plane. If this vortex has a free surface, find the difference 
in height of the water surface above these two points. 


Ans.—20-141 lb. per sq. in.; 3-92 in. 


(3) The flow through a 2in. diameter pipe is measured by means of a 
pipe orifice of 4 in. diameter. The drop in pressure of the water in passing 
through the orifice was found to be 12-5in. of water, and the coefficient 
for the orifice was :63. Calculate the flow in cu. ft. per min. 


Ans.—-422 cu. ft. per min. 


(4) Water having a kinematic viscosity of 5:05 x 10-® ft. sec. units, flows 
through a pipe orifice of 2 in. diameter inserted in a 4in. diameter pipe. 
The difference of pressure at the orifice was found to be 6-5 in. of water. 

Using the curves of Fig. 279 obtain the value of C, for the orifice under 
a condition of flow and, using this value of Ca calculate the quantity of 

ow. 


Ans.—-63; 5-02 cu. ft. per min, 


(5) A cylindrical vessel contains water and rotates about its vertical axis. 
Show that the surface of the forced vortex thus formed is a paraboloid. 

If the cylinder is 3 in. in diameter and 4 in. deep and is exactly half full of 
water, find the speed of rotation at which water will just begin to spill over 
the top edge. (London Univ.) 


Ans.—354 r.p.m. 


(6) Describe the pressure and velocity distributions near a cylinder placed 
in a stream of moving fluid. 


Fs cae is the result modified if the cylinder is rotated about its axis? (London 
niv. 


(7) Show that the resistance R experienced by a sphere of diameter d 


moving with a low velocity v through a fluid of density p and viscosity z can 
be expressed by i 


R = kzdv 


It is found that a steel ball having a diameter of 0-2 cm. attains a “terminal 
velocity’’ of 75cm. per sec. when falling vertically through a fluid whose 
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viscosity is -8 poise and density is -9 gramme per cu. cm. The density of the 
steel ball is 7-8 gramme per cu. cm. Determine the value for the coefficient k. 
(London Univ.) 

Ans.—k = 2:36. 


(8) Derive an expression for the flow of a liquid through a tube in which 
the resistance is purely viscous, and apply this expression to prove that in the 
Redwood viscometer the time in discharging a given quantity of a liquid varies 
eo as the viscosity and inversely as the density of the liquid. (London 

niv.) 


(9) Show, by the use of the method of dimensions, that the resistance to the 
motion of a sphere of radius r falling through a viscous fluid at a slow velocity 
v is given by R = kurv, in which u is the viscosity of the fluid and k is a 
dimensionless constant. 

A steel bail, of diameter -0625 in., submerged in a liquid of specific gravity 
-91 and viscosity 1-62 poises, is allowed to fall from rest. Find the steady 
speed attained by the ball given that k = 6r and that the specific gravity of 
steel is 7-85. (London Univ.) 

Ans.—-1912 ft. per sec. 


(10) Prove that the velocity of a wave of low elevation travelling over the 
surface of shallow water is given by C = V gh, in which h is the depth. Hence, 
explain the significance of the terrn “ critical depth ” as it is used in connection 
with the flow of water in a channel. (London Univ.) 


(11) A fine granular material of specific gravity 2-5 is in uniform suspension 
in still water of depth 10 ft. Regarding the particles as spheres of diameter 
-002 cm., find how long it will take for the water to clear. The resistance of 
a sphere in a liquid is given by the equation: R = kurv, when the velocity v 
is small. Take k = 67 and u = -013 poise. (London Univ.) i 

Ans.—3:38 hours. 


(12) Describe the orifice method for metering flow in a pipe. Describe how 
the coefficient varies with the Reynolds number, and explain why air and 
water may require different coefficients even at the same Reynolds number. 
(I. Mech. E.) 

(13) Define ‘‘coefficient of viscosity” and “‘kinematic viscosity” of a 
fluid. Describe any experimental means of determining the viscosity of a 
fluid. (I. Mech. E.) 

(14) Deduce an expression for the velocity at a given radius in a free vortex. 
A point in the free surface at 6 in. radius is 3 in. below the free surface at the 
boundary of the vessel whose radius is large. What will be the surface level 
at a radius of 12 in.? (I. Mech. E.) SA ete ae 


(15) Distinguish between a free and forced vortex. Derive formule for the 
relation between radius, velocity and pressure for both types, assuming a 
perfect fluid. 3 

A U-tube has a horizontal part 2 ft. long with vertical end limbs. If the 
whole tube is rotated about a vertical axis 18 in. from one end and 6 in. from 
the other, calculate the speed when the difference of level in the tubes is 10 in. 


(London Univ.) Ans.—49-7 r.p.m. 


(16) Deduce the atmosphere pressure at 10,000 ft. when it is 14-7 lb. per 
sq. in. at sea level, weighs -075 Ib. per cu. ft. at sea level, and the temperature 
is constant. Find the pressure at 2 ft. radius in a free vortex, at an altitude 
of 10,000 ft., when the motion is adiabatic and the speed 30 ft. per sec. at 


40 ft. radius. (London Univ.) 
Ans.—10:32 lb. per sq. in; 2-24 lb. per sq. in. 
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(17) If the water supply to a Pelton wheel is shut off by means of the spear 
valve in such a way that the retardation of the water in the pipe is at a 
uniform rate, show that, if the time of closure of the valve is the same as the 
time taken for sound to travel the length of the pipe in water, the rise of 
pressure at the valve is p = vV kp, in which v is the initial velocity, k the 
modulus of compressibility, and p the density of the water. 

If the valve is closed instantaneously, prove that the rise of pressure in the 
pipe is given by the same formula, ae 

Assume that the velocity of sound in water is c = Vk/p, and the pipe is 
perfectly rigid. (London Univ.) 


(18) Deduce an expression for the rise in pressure in a pipe due to the 
sudden closing of a valve when water is flowing through the pipe, allowing 
both for the compressibility of the water and the expansion of the pipe. 

A steel pipe is 3 in. diameter, and } in. thick. What is the highest velocity 
of the water which can be suddenly stopped without stressing the pipe to 
more than 10,000 lb. per sq. in.? E for steel = 30 x 10% lb. per sq. in. Bulk 
modulus for water = 300,000 lb. per sq. in. (London Univ.) 

Ans.—13-07 ft. per sec. 


(19) The following particulars apply to the 2nd stage of an eight-stage 
axial flow air compressor having aerofoil blading— 


Speed = 8,700 r.p.m. blade area coefficient = -93 
mean dia. of blading = 18-17 in. y for air = 1-4 
height of blades = 3-49 in. temperature of entering air = 322° K. 
number of blades = 27 pressure of entering air = 18-6 lb. 
length of blade chord = 1-91 in. per sq. in. 
A A EEA A ae a = 4 ) for angle of incidence used. 
guide blade angle = 1154° to direc- wt. of air compressed = 43 lb. 

tion of motion per sec. 


Neglect change of density of air when passing over the blades as small, 
assume an adiabatic efficiency of 75 per cent. Calculate the final pressure of the 
air leaving this stage, the relative Mach number of the air flow over the blades, 
and the angle of incidence of the blade. (The values of C, and Cy given above 
have been corrected for pitch/chord ratio and for the Mach number of the air 
flow over the blade.) 

Ans.—p, = 22-9 lb. per sq. in.; M, = 812; & = 103°. 

(20) Give a description of the boundary-layer theory and explain, with 
sketches, the following phenomena—(1) break-away of layer; (2) Karman 
street; (3) the laminar sub-layer and its importance in practice; (4) three 
methods of boundary-layer control and their effects on practical problems. 
(London Univ.) 
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VALUES OF COEFFICIENTS FOR PIPE FLOW, OPEN 
CHANNELS, ORIFICES, VENTURI METER AND WEIRS 


(Compiled from various published results of tests. The values 
apply to water only.) 


I, VALUES OF COEFFICIENT f FOR PIPE FLOW FORMULA 
4flv* 
bam 2gd 
(Intermediate values of diameters and velocities may be obtained by 
interpolation.) 


New Cast IRON PIPES AND SIMILAR SURFACES 


Velocity in Feet per Second 


Diameter | 
in Inches 1-0 2-0 3-0 | 4-0 | 6-0 10:0 15-0 


1 2 = 

2 -0071 -0069 -0068 -0067 0065 -0064 -0062 
3 -0067 -0065 -0064 -0063 -0061 -0060 -0059 
6 -0061 -0059 -0058 -0057 -0055 -0054 "0053 
9 -0057 -0055 -0054 -0053 -0052 -0050 -0049 
12 -0054 -0052 -0051 -0050 0049 -0048 -0047 
18 -0052 -0051 -0050 -0048 -0045 -0041 -0040 
24 -0050 -0048 -0045 -0043 -0040 *0037 -0036 
36 -0042 -0040 -0037 -0036 -0035 -0033 -0032 
48 -0036 -0034 -0032 -0032 *0031 -0029 -0028 
60 -0032 -0031 -0030 -0030 -0029 -0028 -0027 


CLEAN ASPHALTED PIPES 


Velocity in Feet per Second 
aneo 1-0 2-0 3-0 4-0 6.0 8-0 
in Inches 
6 -0102 -0094 -0090 -0086 -0081 -0079 
9 -0080 -0074 -0070 -0067 -0064 -0060 
12 -0067 -0062 -0059 -0056 -0053 -0050 
18 -0056 -0051 -0048 -0046 -0043 -0042 
24 -0050 -0046 -0044 -0042 -0039 -0038 
30 -0047 -0043 -0041 -0039 -0037 -0036 
36 -0044 -0040 -0038 -0036 -0035 -0034 
48 -0039 -0037 -0035 -0033 -0031 -0029 
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Smoota PIPES 


Temperature 60° F. (Colebrook and White).* Glass, drawn lead and 
brass, bitumen-lined steel or concrete pipes over 4 ft. diameter. 


Velocity in Feet per Second 

Diameter} 1.9 | 20 | 30 | 4:0 | 50 | 60 | 80 | 10-0] 20-0 

in Inches 
l -0083 | -0072 | -0067 | -0061 | -0058 | -0055 | -0052 | -0049 | -0043 
3 -0066 | -0055 | -0050 | -0047 | -0045 | -0043 | -0042 | -0038 | -0034 
6 -0055 | -0047 | -0043 | -0042 | -0038 | -0038 | -0035 | -0034 | -0030 
12 -0047 | -0042 | -0038 | -0035 | -0034 | -0033 | -0032 | -0030 | -0027 
18 -0044 | -0037 | -0035 | -0033 | -0032 | -0030 | -0029 | -0028 | -0025 
24 -0042 | -0035 | -0033 | -0032 | -0030 | -0029 | -0028 | -0027 | -0024 
36 -0037 | -0033 | -0031 | -0029 | -0028 | -0027 | -0026 | -0025 | -0023 
48 -0035 | -0032 | -0029 | -0028 | -0027 | -0026 | -0025 | -0024| — 
60 -0034 | -0030 | -0028 | -0027 | -0026 | -0025 | -0024 | -0023| — 

OLD Cast IRON PIPES 
| Velocity in Feet per Second 

Diameter 

er Tahoe 1-0 2-0 3-0 4-0 6-0 10-0 15-0 
3 -0152 -0145 *0139 *0135 -0128 "0122 -0120 
6 0135 "0126 sOTIZ "0114 -0108 -0103 -0100 
9 "0122 -0119 *0115 ‘0110 ‘0100 “0092 “0090. 
12 -0108 -0102 -0096 -0094 -0089 -0084 -0080 
18 -0087 -0083 ‘0078 ‘0076 0073 0069 -0067 
24 0076 “0072 -0067 0065 0063 -0060 -0059 
36 «0061 -0059 -0056 "0054 -0052 -0050 0049 
48 0057 0054 -0051 «0050 0049 0046 0045 


* “The Reduction of Carrying Capacity of Pi i s 
í pes with Age,” by C. F. 
Colebrook and C. M. White (Journal of Institution of Civil AA 1937- 
1938, page 99); and Experiments with Fluid Friction in Roughened Pipes,” 
by Colebrook and White. (Proc. Roy. Soc., Vol. 161.) 
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II. VALUES OF CONSTANT FOR FLOW IN OPEN 
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CHANNELS 
For flow in open channels 
v=0 Vmi 
where C = OE 
ToL 
Vm 
Values of k for channels. 
Type of Lining 
Concrete-lined Channels— 
Smooth finished surface . l 
Surface due to planed shuttering 3 o : é 45 
Rough concrete . s : : ` : ° a | Lto 227) 
Masonry and Stoneware Channels— 
Vitrified sewer pipe 1 
Glazed brickwork . s 5 “4 
Brickwork in cement mortar . 5 5 : 5 : -55 
Rubble masonry . 3 ; : $ 5 . | -55 to 1-9 
Dry rubble . 3 c : 5 5 ; ; . | 1-9 to 2-9 
Timber-lined Channels— 
Smooth planed boards “4 
Rough boards : : : : š : 5 3 : +45 
Old timber . : ; é : : 4 : . | -45 to -6 
Steel-plaie Channels— 
With countersunk rivets and flush joints . ofl 
Projecting joints and rivets 9 


Artificial Channels— 
Smooth rock surface 


Gravel 
Sand and gravel 
Smooth earth surface 


Rough rock surface o a £ $ ; : o || ok 
1 
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IV. COEFFICIENT OF DISCHARGE FOR SQUARE 


ORIFICES 
na | E 
Size of Square Orifice in Inches 
Head in - 
Feet 
re 24 x -24 | -48 x -48 | 84 x -84 | 1-44 x 1-44] 24 x 24 
| 
eA = -643 -628 616 = 
6 -660 636 -623 613 -605 
1-0 -648 628 618 -610 -605 
6-0 623 612 -607 -605 -604 
20-0 -606 -604 -602 -602 -602 
100-0 -599 -598 -598 -598 -598 


V. COEFFICIENT OF DISCHARGE FOR RECTANGULAR 
WEIRS 


Values of constant mV 2g of Bazin’s formula 


Q = mV LH? 


Height of Crest of Weir above Bed of Channel in Feet 


H in 
aes 1-5 2-0 3-0 4-0 6-0 8-0 10-0 
4 3-53 3-50 3-47 3-46 3-45 3-45 3-45 
6 3-53 3-48 3-44 3-41 3-40 3-39 3:39 
8 3-57 3-50 3-30 3-40 3:37 3:36 3-36 
1-0 3-61 3-53 3-44 3-40 3:37 3-35 3-34 
1-2 3-67 3°57 3-47 3-41 3:37 3-35 3-34 
1-4 2s 3-62 3-49 3-43 3:37 3°35 3-34 
1-6 = 3-66 3-52 3-45 3-38 3-35 3-34 
18 = = 3-55 3-47 3-39 3-36 3-34 
2-0 ae = 3-58 3-49 3-40 3-36 3-34 
LO 
0-98 
0-96 
x 
0-94 
0-92 


1,000 10,000 100,000 1,000,000 10,000,000 
Re (Log. Scale) 


Fic. 298.-—VALUE or COEFFICIENT k FOR VENTURI METER: Q = keyh 


APPENDIX IL 


VALUES OF COEFFICIENT OF VISCOSITY FOR WATER, AIR 
CARBON DIOXIDE AND STEAM 


(Values of u are in engineers’ units.) 


Temperature ( °C.) 
O 10 20 30 40 50 60 70 80 90 100 


px 108 (Ib. ft. sec Units) 


sO 100 150 200 250 
Temperature (°F) 
Coefficient of Viscosity for Water 


Temperature (°C.) 
(e) 50 100 150 200 250 300 


2 
oO 
uO 


o 
ie} 


° 
À 
a 


2 
ò 


O 
O 
v 


Coefficient of Viscosity [e x 10° (Ft. lb. sec.Units)] 


Temperature (°F) 
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SUMMARY OF FORMULAE 


1, Static Pressure of a Fluid— PAGE 
; p= wH : : = è 6 5 5 
P=wAz : > k : : 5 14 
A 2nd moment _ Te 16 
-~ lst moment Az 
2. Buoyancy of a Liquid— 
mr 
GM = W tan 9 . . 3l 
I 
BM = y 6 7 S : ; $ 33 
kè 
Oscillation of floating body, T = 27 ee 5 . E - 42 
8. Flow of a Fluid— 
oan 5 5 j 6 $ ; 44 
v? 
=— . : 5 5 . 5 ae T 
H 7 
Pp v? A n Se 
—+—= = +>.’ 7 : è wkd 
aS Rear sie Mane 
For Venturi meter, q= ke Vh. a 5 5 z s 53 
aA, mts 
iV ; : ‘ ‘m3 
where c Vai a 2g 5 
3 
Kinetic energy of jet A z 5 3 . . < COT 
Centrifugal head E Ptr, 62 
entrifugal hea OE : ; 5 3 2 
2 
Pitot tube ins ge ee, ea ee 
29 
4, Orifices and Mouthpieces— 
Discharge through small orifices = C4 A Vom : : o ty) 
o> ” large ” oe Cy Vv 2g B (s izi H,}) . e 81 
Time of emptying tank: AEV A 83 
through orifice T 04a Vg $ s ý K ` 
Time of flow from one 2A, (H,* - H,}) 87 
tank to another =< 3 Š 


A, — 
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Discharge from tank with inflow, 


ie Q-kVH, 
Loss of head due to _ (hear 
sudden enlargement T 2g 9 : $ 
Loss of head due to wed v? 
sudden contraction = 3g . $ 9 : 
Loss of head due to M A l vvi 
obstruction ~ LG, (A-a) P 2g G 


5. Notches and Weirs— R 
Discharge through rectangular notch = 7 Ca V 29 L RÈ 


” ” 


Francis formula, Q = 3:33 (L - -In H) H? 
Bazin’s formula, Q=m V 2g LH? 
where m = +405 + oe 
Time of emptying reservoir 2A La 
with rectangular weir =. V29L Gz H, ) 
Broad-crested weir, Q = OV 29b(Hh* — hi)! . : 
For maximum discharge, Q = 3:09 C4 bH: . . : 


6. Friction and Flow through Pipes— 


Work done against Ta 4 Apts 
HS TMtUowr ° ° ° 


by revolving disc 5 
4flv? 
hy a d 29 . . 
4fl 
Time of emptying ert sa Ne tg d (Hè =< H,}) 
x See 2 
through long pipe nd? V2y 
For maximum transmission of) A oe 
power to nozzle an Ae ds 3 $ 
Due to hammerblow, p = ae . . : 
g 


7. Flow through Open Channels— 
v= C Vmi ° ° e 
__ 157-5 : 
k . ° . 
1 + —= 
Vm 


C= 


8 ea 
triangular » =g OF V 29 tan 2 HŽ 


2 


115 


118 
120 


122 


123 


126 
127 


138 


144 


159 


166 


170 


176 


177 
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a trapezoidal channel 


For maximum discharge in d 
m = z . 


Depth for maximum velocity 
in circular channel = 1-62r 
Depth for maximum discharge 
in circular channel = 1-9r 
one r v2 
Critical depth ae 
g 
Froude number = im : : 
V gd 
ipl E Y) 
Depth at hydraulic jump d, = — ʻa + ri a di ak s 
Venturi Flume, (@) BH x bhv2g V 
V B?H? — bh? 


For maximum discharge, Q = 3-09 bH,” 


8. Reciprocating Pumps— 


Velocity of water in pipe = £ wr sin ð . 
é As A 
Acceleration of water in pipe = i w?r cos 0 
; lA 
Acceleration head aaa w?r cos 0 
4 fl 
9, Impact of Water— 
Force on stationary flat _ Dee 
plate Eg 
Force on moving flat _wa(V-v)} 
plate aa g 
Work done on moving -wW eee y 
curved vane G g 


10. Water Turbines— 


For summary of turbine equations see page 272. 


Specific speed = nv 
dal 4 

3 n 
Unit speed Saige: 
Unit quantity = a9 
VH 

P. 


Unit power = = 


. 
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PAGE 
182 


184 


185 


200 


200 


203 


218 


296 


296 
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PAGE 
Pelton wheel, for maximum efficiency, v = -46V . 5 . 5 ath? 
Depth of bucket = 1-2d . : c ; : o An 
Width of bucket = 6d. A : . ; 5 Pay 
R + -5d 
For no. of buckets, cos y = Fu . 280 
11. Centrifugal Pumps— . 
v 
Work done by impeller = ae : : : : . 310 
V 2 
Manometric efficiency = — F ; r 6 Stil 
w; Yı 
g 
For least speed of ) OR Ob Vw, Ya ti 
$ E ead 
starting 2g 2g g 
Jo 
Specific speed = = re ee ee Se 
h 
Dia. of impeller = Love 5 0 ; : e 323 
12. Viscous Resistance of Fluids— 
dv 
=f— a $ C 5 é A i - 333 
Weiler sry 
-00003716 2 
For water, u = (1 4 -033681 + -000221 8) ft. Ib. units . > OO 
yee yh ga ih 2 ie ss gg er E 
if 0000192 
For water, v = (1 + -03368¢ + -000221 t°) sq. ft. per sec. . . 335 
Reynolds number = prs 5 5 336 
sai = ae = 0(22)". 1) Ode See sae 
pv v v 


For streamline flow, (=) is less than 2,000, C = 8,n=-1. a eV 


For turbulent flow, (=) is greater than 2,500, C = -032,n =-—-23 343 


TUW 


Viscous resistance of collar bearing, T = are 


(Riera : . 356 
18. Hydraulic Machines, Meters, and Valves— 
Capacity of accumulator = WH «e 372 


= p X volume 


i 
ai ee S aor 
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Hydraulic intensifier, p= te . . . . 
a 
: WH 
Hydraul == 1 
ydraulic ram, H, 
eee H, 
S a S 
14. Aerofoil and its Application— 
Lift = k pAV* . 
Drag = kyppAV? 


15. Boundary Layer— 
For turbulent flow A(Z J 
y ae G e e ° e 


where n = } to 4 


Limiting values for turbulent flow 


( 
1 
‘ 1\3 ;— 
For laminar flow 6 = 5-83 (x) Vix . 5 . . 
À T 
For laminar flow kp = 1:327 ee a . . 
: 1\t 
kp = :072 (=) 


Limiting values for turbulent flow ae, 
ij 
PE (x) 


= 
I 


16. Compressible Fluids— 
Properties of gases pV = RT 
Jf = 1 = IN) o 
H = W + (#,- #,) 


W = pV, log,r (for isothermal process) . 


Woe PIVa — PoVe ( 


dp 
Bulk modulus = K = — VV A 


: K 
Velocity of pressure wave = =f 
= A 2 (for isothermal process) 
P 


= ee ue (for adiabatic process) 
p 
Energy equation for gas, 


2 
Z,+pV,+ 7 + E, = constant . . 


for adiabatic process) 


427 


426 


431 


431 


449 
449 
450 
451 


453 


454 


456 


457 


458 


459 
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Atmospheric pressure, PAGE 
E ale 462 

dp P 
h,—h, = — RT log, Ps (isothermal process) : j . 462 

= al 
h- h, = (4) RT, a ne 1| (adiabatic process) . 463 
LY Pı 
log, Ps) = L log, ( -= > for known temperature gradient 465 
Po Rt Ily 


17. Flow of Gases— 
Flow of gas through Venturi meter, 


vz 


, penige Hg 
VOo O$ 


Flow through orifice or nozzle, 


W = 


2 =| i 

a y po 

W= y, 2g (44) pin? | 1-n 7 ] 5 : . 489 | 

ee 9 SJ 

E 

n” = for maximum discharge 4 . . e 489 3 

ytl 3 

Isothermal flow in pipe, i 
= ye oes e 
Pa = Pı N l- DARI 5 : 5 : : . 512 
Supersonic velocities, Mach number = = 496 


18. Flow of Gases through Pipes— 
For Adiabatic Flow 


Momentum equation 
). 
for any gas 7 


| 
ho 
te 
eee | 
als 
ats 
I 
ISS 
el 
aaa 
(j 8 
R f& 
cS > 
w 
| 
œv ja 
C 
2 
= 
=o 
=> 
w 
FI 
we 
jen 
pa au 
—— 
ou 
bo 
=~] 


Momentum equation ats OPC ee os 
eee oO, = — Oo 527 
or air aiU ToK l a EEN 
4) q -+ -429 log,r — -035 (“S- )| 
Energy equation r ee [eT $ 528 
any gas (r? = 1) 
ZIE) 528 
(1) 
Ta _ Us 


where ees a 2 
P2 Tı Vy 
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For Isothermal Flow 


<< PAGE 
2 
ri ees Pat ee 
2r2 E as 
2r (102. 4 d ) 
where ie ee 8 
Pa vı 
19. Non-dimensional Factors— 
Viscous resistance, a (Reynolds number) . ; ; 5 . 554 
Surface waves, We (Froude number) . 5 A P “ . 554 
g 
; K . 
Compression wave, — g 0 f - a : é - 556 
pv 
: fi k 
Surface tension, aipe 557 
. 4 JEN 
Weirs, ( ) ( js š A - 3 5 . 557 
H:g%p Hyp) 
Small orifice, (=) (a) A i 5 7 i . 560 
DpV 2gH/ \H 
Orifice in pipe, ea) (7) ti : ` ; è i » 1564 
Resistance of oiled bearings, aN š ó : : z 5 . 565 
Resistance of sphere in fluid, R = kurv : : : é . 567 
Propellers, (43) and (2) > ; : 3 7 é 569 
pdv v 
20. Further Problems in Fluid Mechanics— 
Surface tension, p= e ws : : $ c 
Streamline flow, ze ayes dy 2) 583 
dr g\dr r 
Free cylindrical vortex, v = = é ; : 5 : . 585 
SRI) A-A) 585 
w TUNG a 
2 
Forced vortex, B,- E, = 7 (r3 — 17?) : é é 7 . 586 
Pi - Pi = v? — v? 587 
w 2g 
esd Pa- Pp Q? I 1 y 
Radial flow, Sn aes A & E a mene te puman [BSS 
Measurement of viscosity, i 
2 
u= ee (pipe flow) 591 


lee 
u= ENA es) (falling sphere) . : . 594 
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PAGH 
2gh 
Pipe orifice, Q = ka, emma Jo eee eae gove 
[:-(5) | 
Prandtl and Von Kármán equations for pipe flow— 
For smooth apea gie flow, 
ku 
-— 2 log +- = 8 + 2 log — : . . . - 603 
75 af ei k 
For wholly rough surface, turbulent flow, 
1 
Sia log al Fhe z ; 3 5 x - 603 
Vaf EF 
Prandtl’s equation for turbulent flow through smooth pipes, 
il Ss 
— = 2log (RV 4f)--8 ; : 5 : . . 603 
V4f is 
A : 
Deep water surface waves, = A ; z P : =- 620 
Shallow water surface waves, V=Vgh. 5 i $ = 621 
2 
Strain energy of liquid = i x volume . : - 622 
Kw 
Pressure due to sudden stoppage, P=v saa 5 5 . 624 
When elasticity of pipe is considered, P = v < - A - = 62 
(x 


Other Useful Formulae— 
lst moment = Ag = fo 
2nd moment = I = Ak? = fax 
For moment of inertia about any axis oo at a distance h from centre 


of area— 


Ig = Ig + AR? 


Moment of inertia of rectangle about base = = 
: : : b d? 
Moment of inertia of rectangle about centre line = TO 
Moment of inertia of circle about diameter = ra 
3 : : BHS 
Moment of inertia of triangle about base 3 V 
Moment of inertia of triangle about BHS 
an axis through centre of area > ae 


Distance of centre of area of semi- 4r 
circle from diameter = 
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Distance of centre of area of semi- 2r 
circular arc from diameter es 
Distance of centre of area of surface r 
of a hemisphere from diameter Fio 
4 

Volume of sphere = aur 


Volume of paraboloid = 4 x volume of circumscribing cylinder 
Surface area of sphere = 4n7r% 


Useful Constants— 
Weight of 1 cu. ft. of fresh water = 62-41b. 
Weight of 1 gallon of fresh water = 101b. 
Weight of 1l cu. ft. of sea water = 64-0lb. 
Bulk elastic modulus of water = 300,000 lb. per sq. in 
Pressure of atmosphere = 34 ft. of water 
= 14-7 lb. per sq. in. 
= 29-9 in. of mercury 


1 lb. == 453-6 grammes 
1 inch = 2-54cm. 
g = 32-2 ft. per sec.® 


l radian = 67:3° 
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TRIGONOMETRICAL FUNCTIONS 


Angle. 
oE Sine. Tangent. Co-tangent. Cosine, 
Degrees, 

0° 0 0 co 1 90° 
1 *0175 -0175 57:2900 +9998 89 
2 -0349 +0349 28:6363 -9994 88 
3 0523 +0524 19-0811 -9986 87 
4 14:3007 “9976 86 
5 11:4301 -9962 85 
6 9:5144 "9945 84 
7 8-1443 +9925 83 
8 7:1154 -9903 82 
9 6:3138 ‘9877 81 
80 
5:1446 79 
4:7046 78 
4:3315 77 
4:0108 76 
75 
74 
73 
72 
71 
70 
69 
68 
67 
66 
B5 
26 -4877 2:0503 ‘8988 64 
27 "5095 1-9626 -8910 63 
28 -5317 1-8807 -8829 62 
29 +5543 1-8040 +8746 61 
30 +5774 1-7321 -86860 60 
31 -6009 1:6643 "8572 59 
32 "6249 1-6003 "8480 58 
33 +6494 1:5399 +8387 57 
34 *6745 1:4826 :8290 56 
35 *7002 1:4281 ‘8192 55 
36 +7265 1-3764 +8090 54 
37 +7536 1:3270 *7986 53 
38 ‘7813 1-2799 *7880 52 
39 "8098 1:2349 *7771 51 
40 -8391 1:1918 -7680 50 
41 “8693 1:1504 *7547 49 
42 9004 1:1106 *7431 48 
43 9325 1:0724 *7314 47 
44 +9657 1:0355 *7193 46 

45° *7071 1:0000 1:0000 *7071 45° 

E a a 
Degrees 
Cosine. Co-tangent. Tangent. Sine, ee 
Angle. 
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METRIC SYSTEM 


1 metre = 39-370113 in. 

1 metre = 3:28088 ft. 

1 sq. metre = 10-7639 sq. ft. 

l sq. cm. = 0-15500 sq. in. 

1 cub. metre = 35°3145 cub. ft. 

1 cub. cm. = 0-061023 cub. in. 

1 inch = 2-54001 cm. 

1 foot = 0-3048 m. 

1 sq. ft. = 0-092903 sq. metre 
1 sq. in. = 6-4516 sq. cm. 

1 cub. ft. = 0:028317 cub. metre 
1 cub. in. = 16-387 cub. cm. 

l kg. 2-204622 lb. 

11b. 0-453592 kg. 


g. (standard) 
g. (standard) 


32-1740 ft. per sec.? 
980-665 em. per sec.” 


E 


1 kg. per cm.? = 14:223 Ib. per in.? 

1 kg. per em.” = 28-958 in. Hg. 

1 kg. per cm.? = 735-54 mm. Hg. 

1 lb. per sq. in. = 0-070307 kg. per em.? 
1 lb. per sq. in. ‘ = 2-0360 in. Hg. 
Standard atmosphere = 760 mm. Hg. 
Standard atmosphere = 29-921 in. of Hg. 
Standard atmosphere = 14:696 lb. per sq. in. 


Standard atmosphere 


1:0333 kg. per sq. cm. 
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ABSOLUTE pressure, 7 
Acceleration head in delivery pipe, 
221 
in suction pipe, 219 
of pumps, 217 
of piston, 217 
Accumulators, 371-3 
Adiabatic flow through pipes, 513, 
523 

—— process, 451 
Aerodynamically smooth, 441 
Aerofoil, 404 

blading, 408 

characteristics, 406 

drag, 405 
, effect of pitch, 414 

flow recorder, 419 

lift, 404 
—, pressure distribution on, 405 
Air flow through pipes, 509, 523 
—— properties of, App. HT 
vessel on reciprocating pumps, 

228 

, rate of flow from, 234 
, work saved by, 233 
Airflow meter, 519 
Anemometer, hot-wire, 517 
—, vane, 483 
Approach, velocity of, 120 
Archimedes’ principle, 26 
Atmosphere, pressure of, 6, 460 
Attack, angle of, 405 
Axial flow compressor, 501, 628 
turbine, impulse, 268 
, reaction, 261 


Barrstow, 404 

Barker’s mill, 272 

Barlow’s curve, 59 

Barnes & Coker, critical velocity, 150 
Bazin’s coefficient for channels, 177 
formula for weirs, 120 

Bends, loss of head in, 93 

, river, 192 

Bernoulli’s equation for gases, 459 
theorem, 48-51 

Betz, 574 

Blading, aerofoil, 408 

—, , efficiency of, 416 

as , Spacing, 409 

—, , work done on, 410 
Blasius, 426, 431, 437 


Boundary layer, 420 
-, break-away, 422, 423, 435 
—, drag coefficient, 431 
—, laminar sub-layer, 440 
, methods of control, 575 
—, pressure variation, 433 
—, thickness of, 426 
——,, velocity distribution, 423, 
426, 434, 436 

Brotherton engine, 395 
Bulk modulus of gases, 453 
of water, l 
Buoyancy, 26 
, centre of, 27 

of balloon, 467 


CAPILLARITY, 516 

Capstan, hydraulic, 393 

Centre of pressure, 14 

, aerofoil, 407 

Centrifugal head, 61 

pumps, 307 

Channel, critical depth, 196 

Channels, Bazin’s coefficient, 176 

, circular, 183 

, critical depth, 198 

—, flow in irregular, 187 

—, through, 175 

—, non-uniform flow in, 204 

, rectangular, 180 

, trapezoidal, 181 

—, variation of velocity in, 185 

, wave formation, 201, 618, 620 

Characteristic curves for centrifugal 
pump, 321 

for turbine, 294 

Chattock tilting gauge, 469 

Chezy formula, 144 

Chord of aerofoil, 405 

Circular channel, 183 

Coefficient of contraction, 76 

of discharge, 79 

of pump, 215 

of velocity, 77 

Colebrook, C.F., 599, 636 

Colour bands, 149 

Compressor, axial flow, 501, 628 

Consumption of water, 194 

Contraction, coefficient of, 76 

, loss of head due to, 96 

Crane, hydraulic, 388 

Critical depth of channel, 196 
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Critical velocity, 132, 147, 149 
Current meter, 188 
Curved surface, pressure on, 2 


Dams, pressure on, 21 

Darcy’s coefficient, 144, 635 
Deacon meter, 379 

Deep water waves, 618 

Delivery head of pump, 215, 221 
Density of water, 2 

Depth, critical, of channel, 196 
Differential accumulator, 372 
Diffuser, 308, 326 

——., control of boundary layer, 616 
Discharge, coefficient of, 79 

——— over weirs, 110, 114, 116 

-— through rectangular notch, 110 
triangular notch, 114 


Drag, 402 

coefficient, 403, 497, 560 
boundary layer, 431 
—— frictional, 403, 441 
Drowned orifices, 81 

Duty of pump, 335 

Dynamical similarity, 362, 553 


ELECTRIC airflow meter, 519 

End contractions of weir, 118 
Energy, kinetic, 47 

stored by compression, 621 

, total, 48 

Engine, hydraulic, 395 

Enlargement, loss of head due to, 94 
Entropy, 477 

Equilibrium of floating bodies, 26 


FAGE, À., 433 

Flettner rotor ship, 610 

Floating bodies, equilibrium of, 26 

, oscillation of, 40 

Floats, 190 

Flow of gases, 68, 476, 485 

, adiabatic, 513, 523 

, isothermal, 510, 545 

, Supersonic, 493 

——— —— through pipes, 161, 523 

, chart for, 538 
, Venturi meter, 485 

Flow of water, 44 

, radial, 57 

through channels, 175 

, irregular, 187 

—— ——.,, measurement of, 187 
, of varying section, 44 
—— forked pipes, 158 

—— long pipes, 150 

— nozzles, 165, 487 
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Flow through orifices, 76, 487 
, velocity of, 244 
Fluids, pressure of, 2 
, properties of, 1 
Fourneyron turbine, 274 
Francis formula for weirs, 118 
turbine, 274 
Friction, fluid, 132 
in pipes, 139, 143 
Frictional drag, 403 
coefficient, 44] 
resistance of 
bodies, 134 
of revolving disc, 138 
——— head in pumps, 223 
Froude’s experiments, 131 


floating 


Gases, flow of, 68, 476, 485, 523 
, flow through pipes, adiabatic, 
509, 523 
— , chart for, 538 
, isothermal, 


545 
—, internal energy, 449 
——, properties of, 448 
—, total heat of, 476 
Gauge, oil, 10 
, pressure, 7 
Gauging flow of water, 187 
Girard turbine, 275 
Gradient, hydraulic, 139 


HAMMERBLOW in pipes, 169, 622 
Handley-Page, 578 

Head, acceleration, in pumps, 217 
, friction, in pumps, 123 

, losses of, 87 

Heat-entropy chart, 479 


Hele-Shaw, 409, 422 
Horse-power of jet, 57 
Hot-wire anemometer, 517 
Hydraulic accumulator, 371 
capstan, 393 

crane, 388 

engine, 395 

gradient, 139 
intensifier, 374 

jigger, 388 

joints and packing, 397 
jump, 197, 199 

lift, 391 

press, 3 

ram, 383 

valves, 395 
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Iwpact of water, 238 

Impulse turbine, 109, 267 

Incidence, angle of, 405, 498 

Inclined plane, flow past, 401 

Indicator diagram for pump, 216 

Intensifier, hydraulic, 374 

Intensity of pressure, 2, 5 

Inverted U-tube, 9 

Inward flow turbine, impulse, 267 

, reaction, 260 

Irregular channels, flow through, 187 

Isothermal flow through pipes, 509, 
511, 545 

—— process, 450 


JET, horse-power of, 57 

—, impact of, 238 

, propulsion of ships by, 250 
Jigger, hydraulic, 388 

Joints, hydraulic, 397 

Jones, Melville, 441 

Jonval turbine, 274 

Jump, hydraulic, 197, 199 


KAPLAN turbine, 301 
Karman, 424, 472 
Kennedy meter, 379 

Kent Venturi meter, 376 
Kinetic energy of water, 47 


LAMINAR flow, drag, 431, 436 

Large orifices, 80 

Leading edge, 405 

Lift coefficient, 402 

—— -drag ratio, 407 

inclined plane, 402 

Lifts, hydraulic, 391 

Lock gates, pressure on, 19 

Loss of head in bends, 93 

due to friction, 143 

obstruction, 97 

sudden contraction, 
96 

enlargement, 


94 
Losses of head of flowing water, 87 


e M 


Macu angle, 496 

number, 496, 556 

Magnus effect, 609, 615 

Manometers, sensitive, 469 

Manometric efficiency of centrifugal 
pumps, 311 

Measurement of air speed, 514 

of flow in channels, 187 

Metacentre, 28 

Metacentric height, 30-3 
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, Descon’s, 379 
——, Kennedy, 379 

——, Kent’s Venturi, 376 
—, Venturi, 52 

. waste water, 379 
Millikan, 427 
Mouthpiece, Borda, 103 

, convergent, 101 

, divergent, 101 

, external, 99 


NEGaTIVE slip, 215 

Nikuradse, 441, 599 
Non-dimensional factors, 553 

, bearings, 564 

——., group method, 570 

, orifices, 558 

—, pipe orifice, 568 

—, propellers, 568 

, sphere in fluid, 566 

, viscous resistance, 553 
—., wave resistance, 554, 555 
, weirs, 556 

Notch, emptying reservoir with, 123 — 
, principle of similarity, 117 
, rectangular, 110 

, trapezoidal. 117 

, triangular or V, 112 
Nozzles, 165 
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OBSTRUCTION, loss of head due to, 97 
Oil gauge, 10 

Orifices, drowned, 81 

, flow through, 76 

, large, 80 

Outward flow turbine, impulse, 267 

. reaction, 258 


PARALLEL flow through pipes, 156 
Pelton wheel, 276 

, buckets, 280 

, efficiency of, 279 

, velocity triangles for, 278 
Piezometer tube, 7 

Pipe flow, effect of roughness, 599 

, gases, 509, 523- 


-—— ——., Nikuradse’s experiments, 


599 
, Prandtl and Von Karman 
equation, 601 
orifice, 605 
Pipes, friction in, 139, 143 
, hammerblow in, 169, 622 
, rough, 599 
, viscous flow, 339 
Pitot tube, 69 
static tube, 514 
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Plate, pressure on moving, 239 

on stationary, 238 

Pohihausen, 426 

Power, transmission of, 163 

Prandtl, 422, 423, 426, 441, 601, 606, 
618 

Press, hydraulic, 3 

Pressure, absolute, 6 

of atmosphere, 6, 460 

——, centre of, 14 

gauge, 6 

- gradient, 405 

head of a liquid, 4 

——, intensity of, 2, 5 

, total, 13 

, vacuum, 7 

———, wave in fluid, 454 

Propeller turbine, 300 

Propulsion of ships by jet, 250 

Pumps, centrifugal, 307 

—, , characteristic curves, 321 

——, —, design of, 323 

——, ——, diffuser, design of, 326 

, efficiency of, 310 

— , impeller, design of, 324 

—, —, , diameter of, 321 

, least starting speed, 311 

, loss due to change of 


, 
’ 
, 
? 


> 
. 
, 


flow, 311 
——, —, multi-stage, 327 
——, —, pressure in, 314 
—, , velocity triangles for, 310 


——, duty of, 235 
, reciprocating, 212 


—, , acceleration head of, 211 

—, , coefficient of discharge of, 
215 

—, , offect of air vessel on, 208 


—, , frictional head of, 123 
, slip, 212, 223 

——, , work done by, 113, 124 
—-—, types of, 112 


RADIAL flow impulse turbines, 267 
reaction turbines, 260 
—— of water, 57, 587 
Rain gauge, 194 

Rainfall, 196 

Ram, hydraulic, 383 

Reaction turbines, 266 
Reciprocating pumps, 212 
Rectangular channel, 180 
Redwood’s viscometer, 591 
Relay governor, 290 

Resistance of ships, 134, 361 
Revolving cylinder of liquid, 65 
disc, friction of, 138 


661 


Revolving liquid, centrifugal head, 61 
Reynolds’ experiments, 145 
nuinber, 336, 422, 423, 432 
Righting moment, 28 

River bends, 192 


| Rotating cylinder-in fluid, 609, 615 


Soauz effect, 443 
Schlieren method, 507 
Scotch turbine, 272 
Sections of channels, 180, 181, 183 
Separation, boundary layer, 432, 423, 
435 
Shallow water waves, 620 
Ships, propulsion by jet of, 250 
, resistance of, 134, 361 
Shock wave, 496 
Similarity, dimensional, principle of, 
362 
of centrifugal pumps, 319 
of turbines, principle of, 297 
of weirs, principle of, 117 
Slotted wing, 613 
Smooth, aerodynamically, 441 
Sonic velocity, 490 
Specific gravity, 2 
speed of centrifugal pumps, 317 
of turbines, 285 
Spillway, syphon, 124 
Squire, H. B., 435 
Stodola, 508 
Streamline flow, 44 
Streamlines, energy variation of, 580 
Stiiper, 405 
Suction head of pump, 215 
Sudden contraction, loss of head due 
to, 96 
enlargement, loss of head due 
to, 94 
Supersonic velocity, 493 
Surface tension, 577 
——, non-dimensional factor, 
553 
waves, 618, 620 
Surge tank, 294 
Syphon, 141 
spillway, 124 


Tanks, time of emptying, 82 
Temperature-entropy chart, 479 
Thomson’s principle of similarity, 117 
turbine, 274 

Time of emptying reservoir by weir, 123 
through pipe, 158 
—— tanks, 82 

, viscous flow, 357 
—— —— with inflow, 88 
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Total heat of gases, 476 

pressure, 13 

Trailing edge, 405 

Transmission of power, 163 

Trapezoidal channel, 181 : 

Triangle of velocity for moving vane, 
243 

Turbine, aerofoil blading, 408 

—, Kaplan, 300 

—, propeller type, 300 

Turbines, axial flow impulse, 268 

= reaction, 261 

——., characteristic curves, 294 

, classification of, 256 

—, Fourneyron, 274 

, Francis, 274 

—, Girard, 275 

, governing of, 290 

, impulse, 267 

—, inward flow reaction, 260 

—, Jonval, 274 

—, mixed flow reaction, 261 

— , model testing, 297 

——, modern, 261 

—, notation for, 257 

, outward flow reaction, 258 

, radial flow impulse, 267 

, reaction, 258 

—, Scotch, 272 

, specific speed of, 285 

, Summary of formulae, 272 

—, Thomson, 274 

—, types of, 272 

—— , unit power, 295 

——, —— quantity, 296 

, , Speed, 295 

Turbulent flow, drag, 422, 438 

precios differential accumulator, 
372 


Unit power, 295 

, quantity, 296 

——, speed, 295 

Unwin, Agee of friction for gas, 
161 

, friction of revolving disc, 138 

U-tube, 7 

, curved limb, 472 

, enlarged ends, 10 

——, inclined limb, 471 

, inverted, 9 


VACUUM pressure, 7 
Valves, hydraulic, 395 
Vane anemometer, 516 
——, pressure on, 242, 243 
——, radial, 247 
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Velocity, coefficient of, 77 
, critical, 132, 147, 149 
, head, 47 
in pipe, distribution of, 150 
of approach, 120 
of flow, 244 
of whirl, 244 
triangle for moving vane, 243 
, variation of, in channels, 185 
Vena contracta, 76 
Venturi flume, 206 
meter, 52 
, coefficient for, 639 
for gases, 485 
Viscosity, 2, 332 
, coefficient of, 332, 640 
——., determination of, 590 
, effect of temperature, 332 
—, kinematic, 335 
——, Reynold’s criterion, 336 
, Stanton’s curve, 336 
Viscous flow through annular space, 
350 
resistance, collar bearing, 354 
, equation for, 342 
——— —, flat surfaces, 346 
—— ——, floating, bodies, 361 
, oiled bearing, 353 
, round pipes, 339 
Volute chamber, 307, 309 
Vortex, 61 
, chamber, 307, 309 
, forced, 586 
, free cylindrical, 584 ~ 
5 spiral, 588 
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WASTE water meter, 379 

Water, consumption of, 194 

, impact of, 238 

—, meters, 379 

supply, 194 

Wave resistance of ships, 134, 361, 554 
velocity in fluid, 454 

Waves, 618, 620 

Weirs, Bazin’s formula, 120 

——, broad-crested, 126 

, emptying reservoir with, 123 
, end contractions, 118 

—, Francis formula, 118 

, non-dimensional constant, 556 
, principle of similarity, 117 
——, submerged, 127 

, velocity of approach, 120 
Whirl, velocity of, 244 

Whirlpool chamber. 307, 309 
White, C. M., 599, 636 

Work done against pressure, 33 
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